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Turbulent flow pressure drop measurements were made for solutions 
of aluminum dioleate (soap) in toluene at concentrations of 0.2~ 0.5, 
0.75 and 1.0 per cent. Tube diameters ranged in size from 0.01 to 2.0 
inches. 
The results of these measurements differed from those observed in 
aqueous systems. Higher concentrations (at least 0.75 per cent) were 
required before drag reduction was observed. Although fresh solutions 
were somewhat sensitive to shearing, once a solution was over about two 
weeks old it showed little further mechanical degradation. Although in 
the toluene solutions, wall shear stresses were reached which were over 
an order of magnitude higher than those obtained in polar solvents, the 
critical shear stress where drag reduction is lost, observed in polar 
solvents, was never observed here. 
Viscosity measurements were used to determine that these solutions 
were sensitive to the initial concentration at which they were mixed. 
For the 1.0 per cent solution light scattering measurements gave a 
weight average soap agglomerate weight of about 7000. 
1 
INTRODUCTION 
Despite early reports of drag reduction in aluminum soap 
solutions by Mysels (27a) and by Agoston et al (1), most drag re-
duction investigations have been made in polymer solutions. Re-
cently, Savins (35) has shown that for aqueous systems the electro-
lyte concentration has a major effect on the level of drag reduction. 
A critical upper shear stress, above which the drag reducing char-
acter of the solution was lost, was observed by Savins and by White 
(43). Drag reduction could be re-established by lowering the flow 
rate. Electrolyte concentration also affected the critical shear 
stress. The importance of electrolyte concentration and the rever-
sibility of the critical shear stress effe,ct could be due to the 
association colloid character of the soap in solution. 
The present investigation was aimed at studying the effect of 
concentration, flow rate and tube di~eter on drag reduction in non-
polar soap solutions. Aluminum dioleate solutions in toluene were 
studied at concentrations of 0.2, 0.5, 0.75 and 1.0 per cent. Pres-
sure drop measurements were. made in tube diameters ranging from 
0.01 to 2.0 inches. A few measurements were made with the same soap 
in a light mineral oil and with an aluminum pa~itate soap in toluene. 
2 
LITERATURE REVIEW 
Purely Viscous Flow Equations 
In general, the response of a material to an applied stress 
can be predicted if the rheological equation of the material is 
known. 
A Newtonian fluid is one for which the shear stress is direct--
ly proportional to the rate of strain or shear rate in laminar flow. 
dv 
1" = JJ.(- d? (1) 
The constant of proportionality, JJ., is called the viscosity. The 
viscosity is a property of the fluid only. 
There are many rheological equations for non-Newtonian fluids. 
A simple, commonly used one is the power law: 
Both K and n are not only properties of the fluid but are also func-
tions of the shear rate. The quantity K(dv/dy)n-1 is called the ap-
parent viscosity, for a newtonian fluid n = 1 and K = viscosity. 
For laminar flow in round tubes, using either a simple force 
balance or the momentum equation, the shear stress ~an be expressed 
as: 
(2) 
T = ~ (3) 
where D.P is the pressure drop over length L. The radius of the tube 
is given by r. Substituting (3) in (2) and integrating (assuming 
that n and K are constants) gives the velocity profile: 
3 
The volumetric flow rate, Q, can be expressed as: 
rr{R n+l 2 Q = 2~ rvdr = 3n+l ~R vmax (5) 
Differentiation of (4), substituting into (5) and setting r=R for 
wall conditions one obtains: 
dv I _ _ 3n+ll ,!L_ J 
dr wall- n nR3 
(6) 
Substitution of (3) and (6) into (2) gives: 
~ = K ( 3:1 } n ( ~ 1 n (7) 
where Q = AV where V is the bulk mean velocity. The Mooney-Rabinowitsch 
(31) equation is given by: · 
D& _ K' (sv\ n 1 
4L - \D J (8) 
If n 1 is constant it is equal to n and K1 - K(3n+l/4n) 0 • 
For a Newtonian fluid equation (7) gives (noting Q = AV): 
Q = (9) 
which is known as the Hagen-Poiseulle law. The dimensionless Fanning 
friction factor is defined as: 
(10) 
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Substituting (10) into (9) (noting Q = AV): 
(11) 
where NRe is the familiar Reynolds number given as: 
N = pDV 
Re 1.1. (12) 
-- In turbulent flow the Fanning friction factor is given by an equation 
developed by Dodge and Metzner (14): * 
n') Jtjf = 4·0 Log (N • f(l - 2:> 
(n')"75 10 Re 
.40 
·where NRe> the generalized Reynolds numbe~ is given by (14): 
n• _ _2-n 1 
= D y- p 
K' (S)n'-1 
Different equations can be derived for fluids which obey other noa-
Newtonian laws. Some of these are given in referen.ces 6, 25 and 26. 
Viscoelasticity 
.If a Newtonian fluid is deformed in a very short period of time 
(13) 
(14) 
or at high enough shear rates it will exhibit elastic as well as vis-
cous responses. A linear elastic response is described by the fami-
•I' • 
. .._. Hooke • s law: 
T = G & dy . (15) 
The shear stress is proportional to the strain as opposed to the rate 
of strain for a Newtonian fluid. The proportionality constant, G, is 
the modulus of elasticity. 
*Calculated from Dodge-Metzner equation. Xn this thesis it will be 
referred to as fpr• 
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Many fluids exhibit both viscous and elastic (viscoelastic) be-
havior at ordinary shear rates. These include polymer solutions and 
soap solutions. The simplest model of a viscoelastic fluid consists 
of a viscous and elastic element in series (Maxwell fluid). A mechan-
ical analog of this system can be visualized as a dashpot and spring 
in series and an electrical analog as a capacitor and resistor in 
parallel. The elastic response is taken to be Hookean and the vis-
cous response Newtonian. For this one-dimensional model the total 
strain is the sum of the elastic strain and the viscous strain. Sum-
ming the two strain rates and rearranging one gets the rheological 
equation for a Maxwell fluid: 
= IJ. dv _ J! dT 
T dy G dt (16) 
The term ~J./G has the units of time and is the time required, with the 
( ddvy = 0), strain held constant for the stress to relax to 1/e times 
its original value. This t~e is called the relaxation t~e of the 
fluid. 
Many other viscoelastic models may be constructed, for instance, 
a dashpot in parallel with a spring (Kelvin-Voigt model), and combin-
ation of any number of both Maxwell and K-V models. A different set 
of equations describes each combination. Viscoelastic models are de-
scribed in references 5 and 15. 
If a fluid is viscoelastic it will exhibit normal stress differ-
ences. Normal stresses are stresses perpendicular to the face of an 
element of fluid. They are generally·described as deviatoric stresses, 
that is, the hydrostatic pressure i..s suhstracted from the total stress. 
6 
Unfortunately, the simple linear Maxwell model does not predict the 
occurrence of normal stresses. 
The normal stress difference that is of greatest interest is 
the difference between the normal stress existing in the direction 
of flow and a normal stress perpendicular to the direction of flow 
(first normal stress difference). Weissenberg (42) has hypothesized 
that the difference between two perpendicular normal stresses mutually 
perpendicular to the direction of flow (second normal stress differ-
ence) is zero. Values greater than zero have been measured (16). 
however, but their magnitude is much smaller than that of the first 
normal stress difference. 
There are numerous methods of measuring normal stress differences. 
These methods are reviewed by Uebler (40), Shertzer (39), Bogue (8) 
and Philippoff (30). A simple check on the existence of first normal 
stress differences is the Weissenberg effect. A viscoelastic fluid 
will climb a rotating rod if it is rotating at a sufficiently high 
velocity, whereas a purely viscous fluid will be forced outward away 
from the rod by centrifugal force and the fluid surface will appear 
to be forced downward. 
The method of interest in this study for detecting normal stress 
differences at high shear rates is the capillary jet thrust technique. 
This method takes advantage of the fact that a jet of viscoelastic 
fluid issuing from a capillary tube will expand due to the relaxation 
of elastic stresses developed in the shear field of the capillary tube. 
This relaxation causes the measured axial thrust to be slightly less, 
depending on the normal stress differences, than the thrust predicted 
by a momentum balance. 
Shertzer (39) derived the equation: 
. d (Log T}) 
d {Log~VJ 
(P11 -P22>w is the first normal stress difference at the wall and T 
is the thrust. The major assumptions made in the above derivation 
were (1) P22 = P33 (Weissenberg hypothesis), (2) the pressure at 
the tube centerline at the exit is zero, (3) steady, laminar, in-
7 
(17) 
compressible and isothermal flow with a fully developed velocity pro-
file and (4) interfacial tension, gravitational effects and air drag 
on the jet are negligible. 
This method is particularly valuable in that with simple equip-
ment the first normal stress difference (at the tube wall) can be 
measured at high shear rates (8V/D values from 103 to 2•lo5 ··sec-1). 
The thrust must be measured quite accurately because the normal 
stress difference from equation (17) is the small difference be-
tween two large terms. An error analysis is given in 37 and 40. The 
thrust is commonly determined with various configurations of electronic 
transducers. Green (17), however, successfully measured first normal 
stress differences using a modified analytical balance to measure 
the thrust. In most cases (17, 37 and 40) the slope of the log first 
normal stress difference versus log 8V/D curve (d log (P11-P22>wl 
dlog (8V/D)) is approximately equal to or slightly larger than one. 
Drag Reduction 
The phenomenon of drag reduction in turbulent flow was first 
noted during World War II by Agoston, et al. (1). The term drag 
8 
ratio, in conduit flow, was defined by Savins (33) as the ratio of 
the pressure drop of a solution to the pressure drop of the pure sol-





constant flow rate 
If the drag ratio is less than unity the solution is said to be drag 
reducing. Polymer, soap and solid suspension additives have been 
observed to be drag reducing (29). 
Rather than attempt to review the complete field of drag reduc-
tion the reader is referred to a paper by Patterson, Zakin and 
Rodriguez (29) which gives a general coverage of the field and a bib-
liography. Only the few papers on soap systems will be covered." 
During the Second World War, in the course of designing and test-
ing flame throwers, the flow properties of gasoline thickened with 
aluminum soaps, the early constituents of napaLm, were studied. Due 
to wartime requirements for haste, precision and ·sophistication were 
not stressed, but the results are i.ntere.sting. Agoston et al. (1) 
observed drag reduction starting at about 50 fps in a 1/8 inch diam.-
eter pipe. The viscosity of the solution, expressed in grams Gardner, 
was 20 grams. Since i.t was not stated what type of disc was in the 
Gardner mobilometer nor what the conversion to absolute viscosity was, 
the visc"osity of the solution is not known. The concentration of the 
solution was also not given. In their more concentrated, jelly-like 
solutions they noted a definite viscoelastic effect with extremely 
long relaxation t~s. When pumping was stopped, pressure gradients 
persisted for several minutes. 
9 
Ousterhout and Hall (28) have data showing that No. 2 diesel oil 
gelled with an unnamed soap at an unspecified concentration gave drag 
reductions of 40 to 50 per cent at about 35 fps in 2-and 2~-inch 
diameter pipe. 
Savins (35) observed drag reductions of up to 80 per cent with 
a 0.2 per cent solution of sodium oleate in water containing an elec-
trolyte. His data were taken in a l-inch diameter pipe. In order to 
obtain drag reduction he needed to add an electrolyte (in most cases 
KCl) to his solution. Maximum drag reduction occurred with from 5 
to 10 per cent KCL added to the sodium oleate solution. In this 
range of electrolyte concentrations the maximum reduction in drag was 
approximately constant. He explained that in his aqueous solutions 
initially spherical micelles were rearranged into cylindrical micelles 
due to the influence of the electrolyte. The cylindrical micelles 
form a network of interlaced rod like elements. 
Savins also observed two other interesting effects. At a critical 
shear stress the solution suddenly lost its drag reducing ability and 
began a steep return to purely viscous pressure drop behavior. This 
critical shear stress seemed to depend on the amount of electrolyte 
present. With 3~ per cent KCl the critical shear stress was about 
25 dynes/cm2 and with 7~ per cent KCl about 225 dynes/en?*. He also 
observed that once the critical shear stress was exceeded and drag re-
duction lost, the flow rate could be lowered to a point below the 
*It has been shown both theoretically (20) and experimentally (9)and 
(11) that the addition of salts to an aqueous soap solution will both 
lower the critical micelle concentration and raise the micelle molec-
lar weight. The determining factor is the ionic strength of the solu-
tion for the case of micelles with a low charge density. This is con-
sistent with the data of Savins at different electrolyte concentrations .. 
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critical shear stress and drag reduction would reoccur. After approx-
imately 88 hours of continuous shearing no permanent degradation was 
noted. This is very different from typical polymer degradation where 
shearing will break chemical bonds and permanently lower the molecu-
lar weight. Savins suggested that perhaps the effect was due to a 
temporary network disentanglement induced by turbulent vortices. Savins 
also has other data (34) showing the critical shear stress effect in 
a variety of aqueous soap systems derived from monocarboxylic acids 
containing from 12 to 18 carbon atoms, as well as from certain amines:. 
and alkanolamines. Using the capillary thrust technique, Savins did 
not detect any normal stress differences in the shear rate range of 
2•103 to 1.25·105 sec-1 in an aqueous solution containing 0.2 per cent 
of sodium oleate and 10.0 per cent and 0.6 per cent of KCl and lCOH 
respectively. 
White (43) obtained results similar to Savins' with an equimolar 
system of cetyltrimethylammonium bromide (CTAB) and 1-naphtbol in 
water. The total concentration was 550 wppm. He studied flow in 
pipes of 0.090, 0.272 and 0.500 inches in diameter. White was able 
to reach drag reductions of up to 70 per cent in the 0.500-inch pipe. 
If a wall shear stress of 0.1 lbs/ft2 (50 dynes/cm2) was exceede,d, 
independent of tube diameter, the friction factor began to return to 
the friction factor of pure water. White also did not note any per-
manent shear degradation over a period of several days. 
Drag Reduction Correlations 
Rodriguez (32) has shown that for dilute polymer solutions (di-
lute means those concentrations for which a typical laminar to 
11 
turbulent transition region is apparent in the friction factor-Reynolds 
number plots) f/fpv is a function of a modified Deborah number~ VT1 /n· 2 ~ 
where Tl is the first mode relaxation time calculated from the theory 
of Zimm (44). Figure 1 is a typical Fanning frictionfactor versus 
solvent Reymonds number curve for a dilute system~ covering a wide 
* range of tube diameters, for 500 wppm PIB L-80· in cyclohexane. Figure 
2 is Rodriguez' plot of f/fpv versus the modi.fied Deborah number for 
several concentrations of the above solution as well as two other sys-
tems. 
Liaw (23) has found that for concentrated polymer systems (systems 
which do not show a transition region but rather a smooth extension of 
laminar flow to drag reducing turbulent flow in the frict~on factor-
Reynolds number plots) f/fpv is a function of the generalized Reynolds 
number only. Figure 3 is a plot of f/fpv versus the generalized Rey-
nolds number for various concentrated polymer solutions with tube diaa-
eters ranging from 0.03 to 0.5-inches. 
Seyer (38) predicted thr friction factor of viscoelastic fluids 
in both dilute and concentrated solutions using: 
where A and G are constants equal to 2.46 and 3.0 for his solutions 
** of ET-597 in water. ~l is the dimeJl.Sionless distance from the tube 
wall, y/R, defined by Y!which is the value of y+ ~fined by the inter-
section of the linear and the logarithmic velocity profiles. B(T) 
*PIB L-80 is polyisobutylene of vi.scosity average molecular weight 
approximately equal to 720,000 (19). 
**A high molecular weight polyacrylamide (Dow Chemical Co.) 
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is a function (for Seyer 1 s system) of his dimensionless time ratio T• 
T can be obtained from the fluid 1 s first normal stress differences. 
Characteristics of Soap Solutions 
McBain and Working (24) studied aluminum dilaurate in benzene 
and concluded that aluminum dilaurate is an association colloid in 
benzene whose association increases very rapidly with increasing 
concentration. This conclusion was based on osmotic pressure and 
viscosity measurements. It is difficult to evaluate the conclusions 
in this paper as the preparation techniques of the solutions were 
not given. 
Sheffer (36) did much of the same work again with various soaps 
in benzene. He came to the conclusion that aluminum soaps in benzene 
did not form an association colloid. Instead he postulated that the 
soaps acted more like a high polymer material held together by hy-
drogen bonds between the hydroxyl groups of the soap molecules. On 
the basis of both intrinsic viscosity and osmotic pressure measure-
ments he showed that the molecular weight of the soaps~ when dis-
solved in benzene, depends on the initial concentration of soap used 
to make up the solution. This supports his idea that the bonds ex-
isting in the soap are carried into the solution. 
To further substantiate the point, Sheffer prepared a 0.6 per 
cent solution of aluminum dilaurate in benzene. The estimated in-
trinsic viscosity and number average molecular weight were 4 .. 4 
deciliters/gram and 700,000 respectively. The soap from the above 
solution was then recovered by evaporation at room temperature. This 
recovered soap was used to make a 0.3 per cent solution. The esti-
mated intrinsic viscosity and number average molecular weight were 
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then noted as 1.8 dl./gm. and 350,000. This is significantly lower 
than the 2.7 and 500,000 obtained from a 0.3 per cent solution made 
up from the original soap. If micelles are formed by the associa-
tion of the soap molecules in solution, the dried soap used to make 
up the 0.3 per cent solution would be expected to give an estimated 
intrinsic viscosity of about 2.7 dl./gm. and a number average molec-
ular weight of about 500,000,. the same as obtained for the 0.3 per 
cent solution of the original soap. Sheffer also prepared a 0.1 
per cent soap solution from the original sanple and obtained as es-
timated intrinsic viscosity and molecular weight of 1.65 and 370,000 
respectively. He then evaporated the solution to 0.3 per cent. The 
viscosity and molecular weight values dropped slightly to 1.5 and 
330,000. These results indicate that increasing association with 
increasing concentration can only be a small effect compared with 
increasing break up of the soap agglomerates by dissolution at lower 
concentrations or by the dissolution-evaporation process. 
Sheffer concluded that McBain and Working, not realizing the 
effects of starting concentration, may have used different starting 
concentrations to vary their concentrations when taking osmotic 
pressure versus concentration readings. If this were the case, they 
would have been working with a different molecular weight solution 
at each concentration. This would make their data difficult to in-
terpret. Sheffer also noted that the addition of polar groups, such 
as water or traces of acid, into the solution lowered the molecular 
weight. 
Bascom and Singleterry (4) have shown that acetic acid can be 
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bound in soap micelles and that the addition of water decreases the 
amount of acid solubilized. This suggests that water may be held 
in the micelle in a similar way. 
Arkin and Singleterry (2) have data showing the effect of water 
on the size of calcium xenylstearate micelles in benzene. They point 
out that as little as 0.05 per cent of water will lower the relative 
viscosity from 8.5 to about 1.25. They also state that in the re-
gion of 0.1 to 0.7 moles of water per mole of soap in a solution of 
3.48 grams of soap per 100 cc. of benzene the number of micelles is 
proportional to the amount of water added. They suggest that this 
is due to the rupture of long polymer type chains and the stabili-
zation of the shorter·units through attachment of water to the free 
ends. 
Kaufman and Singleterry (22) have reported a critical micelle 
concentration of 0.6•10-6 moles of soap per liter for calcium xenyl-
stearate in benzene. The benzene had 15 per cent of the amount of 
water required for complete saturation. They do not mention any 
effect of starting concentration or aging. 
If one thinks of the soap structure, as Sheffer did, in terms 
of hydrogen bonded polymers which degrade irreversibly, it is dif-
ficult to see how a true critical micelle concentration can exist. 
However, these solutions can be visualized as agglomerates held to-
gether in a loose network by hydrogen bonds. The size of these 
agglomerates would depend on the bonds existing in the soap and the 
initial concentration of the solution. The size would also be very 
sensitive to impurities and be relatively unstable. In a completely 
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degraded state micelles could exist in dynamic equilibrium and ex-
hibit the characteristics of a typical association colloid, includ-
ing a definite critical micelle concentration and the ability to 
reagglomerate after being destroyed in a high shear field. The ac-
tu& micelle molecular weight might be quite low. This explanation 
could satisfy the findings of both Sheffer and Kaufinan and Single-
terry. 
Debye (10, 11, 12, 13) has shown that light scattering is an 
effective tool for determining micelle molecular weights and shapes 
in both polar and non-polar solvents. His papers also give the 
basic equations used. Light scattering techniques and theories are 
discussed in references 39 and 41. 
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EXPERIMENTAL 
Turbulent flow pressure drops were measured in a large circula-
tory pumping system (tube diameters of 1/2, 1 and 2 inches) and in 
a small pumping system (tube diameters from 0.01 to 0.1 inches). 
The latter system was also used to characterize the laminar flow 
behavior of the solutions studied. 
We also attempted to characterize the solutions by normal stres~ 
viscosity, light scattering and surface tension measurements. 
The apparatuses and procedures used are described in the next 
sections. Table 5 lists the chemica1 and physical descriptions of 
the solutions studied. 
Large Unit Description and Procedures 
Figure 4 is a diagram of the large unit. Hershey (19) gave 
complete details on this system. 
The large unit consists of a test section, two gear pumps, two 
turbine flowmeters, a storage tank with a heating-cooling coil, a 
weighing tank and two manometers. 
The test section consisted of three drawn hydraulically smooth 
steel tubes with inside diameters of 0.51 inches, 1.00 inches and 
2.00 inches. The lengths of these pipes, between the pressure taps 
are 153 inches, 200 inches and 200 inches, respectively. 
The pumping was accomplished by either a 35 GPM or 200 GPM 
Viking gear pump. The pumps were driven by variable speed drives. 
The turbine flow meters have a range of 6 to 10 GPM for the 
small meter and 10 to 140 GPM for the large meter. A digital counter 
was used to measure the frequency of the alternating current induced 
in the field coil of the flowmeters. 
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The storage tank has a 100 gallon capacity. It also serves 
the purpose of a process fluid temperature controller. A coil of 
stainless steel tubing for heating or cooling water is immersed in 
the tank. The temperature of the water is controlled by a steam 
jacket on the inlet side of the water coil. A thermoregulator, in 
direct contact with the process fluid, controls the temperature of 
the water coil by controlling the stemn flow rate in the steam 
jacket. Process fluid temperature could be maintained within 0.1°C 
of the desired temperature. 
The weighing tank had a capacity of 55 gallons. It was mounted 
on a beam type platform balance and could be rapidly connected or 
disconnected from the system. 
Depending on the flow rate and pipe size, either a 9 foot pro-
cess fluid or a 9 foot mercury manometer was used to measure the 
pressure drop in the test section. The process fluid manometer had 
a range of 0 to 3.4 psi and the mercury manometer had a 0 to 49.6 
psi range. 
Fluid was directed into the proper flow meter through a system 
of valves. Depending on the pipe diameter and flow rate, either the 
large or small pump was chosen. The process fluid temperature was 
set and maintained at 25±o.l°C. The proper manometer was chosen 
and the correct pressure taps were opened to that manometer. The 
pressure drop, manometer temperature, fluid temperature and frequency 
generated by the turbine flowmeter were recorded. After the data 
was recorded for several flow rates, those same flow rates were used 
to determine the turbine meter calibration. At each flow rate the 
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fluid was diverted into the 55 gallon weighing tank for a given length 
of time, usually from about 20 to 180 seconds as timed with a stop-
watch. The amount captured in the drum was then weighed. 
Small Unit Description and Procedures 
Small Unit Equipment 
The small unit consists of a variable speed metering pump, con-
stant temperature water bath, capillary tubes, filter-reservoir com-
bination and pressure indicators. 
j The process fluid pumps were various size Zenith T~,IJ~~;.~v' gear pumps 
~4Me~-fk~ 
driven by a Graham variable speed d~!~~· 
l"tt1U.(. .d 200 Pie 7 
The constant temperature bath contained a thermoregulator that 
activated an electronic relay which controlled a heating coil. JA 
manually controlled cold water coil was used when needed. The bath 
container was a 12 gallon galvanized pail. Stirring was accomplished 
by an air driven stirrer. The temperature of the bath could be main-
ta~ned within 0.05°C of the desired temperature • 
.,j Stainless steel capillary tubes were permanently mounted in 1/2-
inch diameter copper water jackets. A tube fitting was mounted on 
one end for the process fluid inlet. Tapered hose connectors were 
brazed to the water jacket for water connections. Care was taken 
to insure that the ends of the capillary tubes were square and burr 
free. The dimensions of the capillary tubes are listed in table 1. 
Table 1 












A reservoir with a capacity of about one liter was constructed 
of stainless steel. An aluminum filter holder was made to fit in-
side the reservoir. Filtering was accomplished by a #325 mesh stain-
less steel sieve. 
J A 1/4-hp centrifugal water pump was connected to the water bath 
and water jacket by flexible tygon tubi~ to prevent any vibration 
' , .... ---··-· 
being transmitted from the pump to the capillary tubes. 
A smooth pressure tap was located in the fluid line just out-
side the constant tenperature bath before the tube water jacket unit. 
It was joined by a system of valves to the pressure indicators. The 
ratio of the cross sectional flow area at the pressure tap location 
to that in the capillary tube ranged from about 20 to 1 for the 0.1 
inch diameter tube to about 200 to 1 for the 0.01 inch diameter tube. 
These ratios are large enough to assume that the velocity past the 
pressure tap is zero. The pressure indicators consisted of a process 
fluid manometer, mercury manometer and two pressure gauges. The 
range of these indicators is given in table 2. 
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Table 2 
Ranges of Pressure Indicators 
Type Max Reading Range PSI Smallest Division 
Well-Hg 180 em o~34 1.0 mm. 
Manometer 
Process Fluid 180 em 0-2.3 1.0 mm. 
Manometer 
Bourdon Tube 250 psi 0-250 o.s psi 
Bourdon Tube 600 psi 0-600 5.0 psi 
Figure 5 is a schematic of the small unit. Process fluid is 
pumpe4 by the Zenith gear pump, through twenty feet of 3/8-inch 
stainless steel tubing which is coiled in the constant temperature 
bath. It then flows past the pressure tap and through the capil-
lary tube and into the reservoir where it is filtered before going 
to the gear pump for another cycle. 
Ce~tain d~screpencies were noted in the data obtained in this 
unit. These are more fully discussed in the following section. We 
believe that the problem lies in the pressure readings. With the 
above system entrance and exit effects have to be calculated based 
on literature values for correction terms. One can, of course, use 
various length tubes and extrapolate out the end effects but this 
technique is t~e consuming. 
In taking measurements on the small unit the following stan-
dard procedure was followed. The desired tube-water jacket com-
bination was installed on the fitting protruding from the constant 
temperature water bath. The water bath supported one end of the 
tube-water jacket unit and an adjustable leg supported the other 
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end. The adjustable leg, combined with a small spirit level, was 
used to level the tube. 
To make measurements the water bath was adjusted and maintained 
at 2S.O±o.OS°C. The room temperature was held as close as possible 
to 25°C, generally within 2 degrees. The variable speed drive was 
then started and the system purged of air by venting the high point 
of the systma. The flow rate was determined by catching the fluid 
with graduated cylinders ranging in size from 10 to 500 cubic centi-
meters. Flow measurement ti.Iaes varied frOtn 10 to 300 seconds. Pres-
sure drop was measured either on the manometers, for low flows and/ 
or large tubes, or with one ox the two calibrated* pressure gauges 
for.· the higher pressure drops • . 
~ rhe pressure drop, flow rate, room and bath temperatures and 
pump setting were recorded. After a tube was run it was ~ediately 
cleaned with solvent as was the complete unit after a complete run. 
Determination of Tube Diameters 
An iteration proce,dure using the Hagen.:.Poiseulle law for New-
tonian laminar flow and correcting for entrance losses was employed 
to compute tube diameters. Diameters were first calculated from 
the Ragen-Poiseulle law using the measured pressure drop: 
D = (128 L ~ Q/~)~ 
The diameter calculated was used to estimate the entrance pressure 
** loss using the accepted relation for Newtonian laainar flow (7): 
*Ashcroft dead weight tester 
**Astarita and Greco (3) have fouad (with a finite diameter ratio) 
that the constant 2.16 should be considerably larger for Newtonian 
fluid.. At low Reynolds numbers (below 146) the constant is a func-
tion of the Reynolds number and decreases with increasing Reynolds 
number. The constant is also probably a function of diameter ratio. 
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Then the entrance pressure loss was subtracted from the observed 
pressure loss: 
e;p = LiP - LiP 
actual obs·erved entrance 
The actual pressure loss was used to calculate a new diameter from 
the Hagen-Poiseulle law. The entire process was repeated until 
successive diameters were within 10-6 inches of each other. This 
generally took only 2 or 3 iterations. The fluid used to calcu-
late the diameters was a light mineral oil with a viscosity of 4.29 
centipoises at 25.0°C aud a specific gravity of 0.865 at 25.0°C. 
Figure 6 is a plot of wall shear stress versus wall shear rate 
for the oil. From a least squares fit, n 1 is 0.9995 and K' is 4.316 
centipoises. As can be seen from the data, (Appendix II) the fi.nal 
diameters calculated at the various flow rates were remarkably con-
sistant. Note that f/fpv (the measured friction factor divided by 
that predicted from the von Karman equation) shows no tendency to 
rise or fall with increasing flow rate and there is little scatter. 
This indicates that the constant 2.16 in the entrance correction is 
apparently correct. 
/ ~ Since toluene was to be used for the solvent, pressure drop 
measurements were made with it to make sure it also gave f/fpv 
equal to one. Figure 7 is a wall shear stress versus wall shear 
rate curve for the toluene in laminar flow. A least squares fit 
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11ow In the flow rate (laminar) region, the friction factor ratio is low 
and tends to climb with increasing flow rate (see Appendix DI). In 
turbulent flow the friction factor ratio is high. These two effects 
seem to contradict themselves; because, if the diameter were wrong, 
one would assume that the friction factor ratio would be either low 
or high in both the laminar and turbulent regions. The viscosity 
of toluene, as measured in the Cannon-Ubbelohde viscometer, was 0.546 
centipoise at 25.0°C. Interpolation of viscosity data for toluene 
from the Handbook of Chemistry and Physics (18) gives a value, at 
25°C, of 0.557 centipoise. Therefore, if the measured viscosity 
value is not accurate, it is probably too low. This would give 
values of the friction factor ratio greater than 1.0 in the laminar 
and have very little effect in the turbulent region, as the predicted 
friction factor is inversly proportional to the one fifth power of 
viscosity in the turbulent region. Thus, an error in viscosity can 
not explain this result. 
If the laminar entrance correction term was the source of error, 
the low friction factor ratios indicate too large an entrance correc-
tion. As mentioned earlier, Astarita (3) has shown that, if anything, 
the value of 2.16 is probably low. Table 3 shows the relative mag-
nitude of the entrance correction for oil and toluene for various 
tubes and velocities. It can be seen that where the toluene friction 
factor ratios are in the greatest error (low Reynolds numbers) the 
entrance correction is almost insignificant. For some inexplainable 
reason the 0.01 inch tube does not show exactly the same trends as 
the other tubes. The results for it are s~ilar to those for a tube 
with a straight diameter error. 
Table 3 
Entrance Corrections 
Process Fluid Oil Oil Oil · Oil 
Diameter (in) .1 .1 .01 .01 
Velocity (fps) 1.28 7.66 4.04 33.00 
8V/D (sec-1} 1150 5870 37600 307,000 
Nre 214 1277 65 530 
Per Cent Contribu- 0.8 6.8 0.3 2.3 
tion of Total Pres-
sure Drop By Entrance 
Effect 

























Since there was no reason to suspect the pure oil data, it was 
accepted as correct and the diameters calculated from it were used. 
Turbulent drag ratios calculated with these diameters are possibly 
five to fifteen per cent conservative. Since gross effects are be-
ing investigated, (as opposed to some subtle phenomena) this was 
deemed acceptable. 
Normal Stress Apparatus and Procedures 
Normal stress measurements were made using the capillary jet 
thrust technique. The thrust was measured with an analytical bal-
ance modified for this purpose. Figure 8 is a diagram of the mod-
ified balance ar.m. 
Process fluid was pumped through a constant temperature water 
bath which was almost identical to the one used in the small unit. 
The Zenith metering pumps used in this system were the same as those 
used in the small unit. The variable speed drive was also similar 
but of lesser capacity. Table 4 lists the dimensions of the thrust 
tubes. The diameters were obtained using the same iteration proce-
dure which was used for the capillary tubes. 
Table 4 
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In obtaining thrust data the following procedure was followed. 
The bath and room temperature were first set to 25.0°C. The largest 
tube was inserted into the apparatus first to minimize the possibil-
ityof degradation. The pump was started and while the temperature 
of the process fluid was coming to equilibrium the flow rate was 
alternately increased and decreased very rapidly in order to purge 
the system of air. The thrust tube was the high point of the sys-
tem. The flow rate was then reduced to the lowest possible level 
consistent with a distinct jet exiting from the tube. The lead 
weight on the pointer was roughly adjusted so that about 150 milli-
grams in either pan would give full deflection of the pointer. One 
hundred milligrams would then be put into one pan and the pointer 
deflection noted~ then the weight was removed and put into the 
other pan and the deflection noted. If the two readings were not 
the same the bias was assumed to be due to a twist in the teflon tubing 
carrying fluid to the balance. If necessary the tubing was properly 
twisted to remove the bias. The lead weight was now adjusted to 
give a sensitivity of about 10 milligrams per division. Although 
this balance in standard form can be adjusted to give a sensitivity 
of less than 1 milligram per division, this was prevented by the re-
sistance imparted to the balance by the teflon tubing. Any attempt 
to gain more sensitivity by adjusting the lead weight would cause 
the center of gravity of the balance to go above the fulcrum, (agate 
pivot) and erratic or "infinite sensitivity" would occur. The effect 
of any twist in the teflon tubing was again checked except this time 
using about 20 milligrams. 
35 
Since there was a 1.97 to 1 ratio between the distance from the 
fulcrum to the thrust tube and the distance from the fulcrum to the 
knife edge supporting the pans one division (with the balance ad-
justed to give a sensitivity of 10 milligrams per division) equaled 
about 5 milligrams force of thrust and thrusts down to 2 to 3 milli-
grams could be estimated. 
The flow rate was then adjusted to give a Reynolds number of 
about 100 and about 8 readings were made while stepping the flow 
rate to a Reynolds number of about 140.0. Thrust was determined by 
adding weights to the righthand pan to exactly balance out the thrust 
force. The flow rate was determined by placing a graduated cylind~r 
at the exit of the thrust tube and collecting the flow for 40 to 240 
seconds. During this time if the pointer moved more than 1/2 divi-
sion the entire thrust measurement was repeated. During the run the 
room and bath temperature were recorded. The process fluid tempera-
' ture was assumed to be equal to the bath temperature. The lead weight 
on the pointer had to be readjusted for each tube. When all the tubes 
had been used the system was flushed with war.m solvent. 
Viscosity Measurements 
Viscosity measurements were made in a standard Cannon-Ubbelohde 
viscometer which was suspended in a constant temperature water bath. 
The bath was maintained within 0.03°C of the desired temperature. 
The viscometer was not pressurized. 
Each solution was measured at the highest concentration first. 
Dilution was accomplished by noting the weight change of a weighing 
'V'essel when solvent was addeadtreetly'to the viscometer from the 
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weighing vessel. The initial concentration was determined by com-
plete evaporation of the solvent. It was found that the concentra-
tion measurements were repeatable to within less than 1.0 per cent. 
Succeeding concentrations were calculated by knowing the amount of 
solvent which had been added. As a final check the final (most di-
lute) concentration was checked for each solution by evaporation. 
In all cases both concentrations were reasonably close to each other 
(see Appendix VII) • 
It should be noted that in making up the various samples to 
be checked the soap was added directly to the Mallinckrodt reagent 
grade toluene in the toluene's original one pint bottle. These are 
brown screw top bottles which are probably free of ~y acid impuri-
ties. This is important because, in making similar measurements 11 
Sheffer (36) noted that even very small traces of acid (possibly 
cleaning solutions absorbed in the glass) affect the properties of 
the solutions. No significant agitation or any heat was used to dis-
solve the solutions. 
Light Scattering Equipment and Procedures 
A Brice-Pheonix Universal Light Scattering photometer was used 
to measure the intensity of the light scattered when a beam of light 
of known intensity was passed through the solution in order to esti-
mate the molecular weight of the soap particles in solutions (21, 27, 
39, 41). Figure 9 i.s a simplified diagram of the apparatus. 
The amount of light scattered, I, was measured in three positions; 
45°, 90° and 135° at different soap concentrations. The ratio I45/I135 
is called the dissymmetry ratio and, in our case where the particle 
FIGURE 9 




















size is small compared to the wavelength, should be approx~ately 
one. If the dissymmetry ratio is significantly greater than one 
it is an indication of dust in the solution. The dust then be-
comes the significant scatterer and masks the scattering due to 
molecular sized particles. It is~ therefore~ very important that 
the solutions be dust-free. 
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To remove the dust from our solutions, filtration was first 
tried but proved unsuccessful. A 0.45 micron glass fiber filter 
would clog immediately even at pressures up to 600 psi. The solu-
tions were then centrifuged for about five hours at 17,200 rpm*. 
A quick check in the photometer showed that the centrifuging lowered 
the dissymmetry to nearly one. 
A Brice-Phoenix differential refractometer was used to measure 
the change of the refractive index of the solution with concentra-
tion which is needed to calculate the molecular weight. Sample cal-
culations are shown in Appendix I. 
Surface Tension Measurement Apparatus and Procedure 
An analytical balance was modified to measure surface tension. 
The surface tension was measured by noting the weight, added to one 
pan of the balance, which was required to remove a glass plate with 
a wetted perimeter of 100 mm suspended from the other arm, from the 
solution. A constant temperature bath supplied water to a jacketed 
dish holding the aluminum dioleate-toluene solution. 
*Radial acceleration times gravity equals 39,000 ft./sec2. 
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A surface tension versus concentration curve may give, in the 
presence of surface active impurities, a sudden rise in the curve 
as micelles begin to form {27). This effect is best seen in an 
idealized example. Figure 10 is an idealized surface tension versus 
concentration plot. The dashed line represents an extremely pure 
association colloid solution. The solid line represents the same 
system with a small mnount of a surface active impurity present. 
This impurity causes the surface tension to be lower, at any given 
concentration below the critieal micelle concentration, than the 
pure system because the impurity is absorbed at the surface. When 
molecules begin to agglomerate into micelles, the impurity is sol-
ubilized by the micelles and removed from the surface. Hence, the 
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Toluene Purity (wt % toluene) 99.5% minimum; impurities-
heptane isomers 0.5% maximum; maximum boiling range 1°C, in-
eluding 110.6°C; specific gravity between 0.869 and 0.873 at 
15.5°C; nitration grade; purchased from G. s. Robins Co., St. 
Louis, Missouri. * Measured viscosity and density at 25°C 
0.546 centipoises and 0.863 gm/cc. 
Toluene Mallinckrodt Analytical Reagent #8608; maximum resi-
due after evaporation 0.001%; maximum water content 0.02%. 
* Measured viscosity at 25°C 0.546 centipoises. 
Mineral Oil Stock 243-light mineral seal oil which was ob-
tained from Mobil Oil Company. 
A.P.I. Gravity 
Saybolt sec. at 100~ 
Max. pour point 
Flash point (min) 
Color ASTM (Dl500) 
32.5 




Measured viscosity* and density at 25°C 4.29 centipoises and 
0.865 gm/cc. 
Soaps 
Aluminum dioleate Alumagel obtained from Witco Chemical, 
Chicago, Illinois. This is a thickening agent for greases. 
It is essentially a di-soap of aluminum. The fatty acid is 
*Viscometer calibrated by Chou, Lung-Yu, M.S. Thesis, University 
of Missouri - Rolla, Rolla, Missouri (1966). 
oleic acid. However~ there are small percentages of additives 
to give gelling characteristics. Typical properties are: 
Moisture 
Total Ash 
Water Soluble Salts 
Free Fatty Acid 






Aluminum Palmitate Lot 10-03-2836-3 obtained from Metasap 













RESULTS AND DISCUSSION 
Flow Measurements 
Figures 11, 12, 13 and 14 are plots of log D~ P/4L versus log 
8V/D data in laminar flow for the 0.20, 0.50, 0.75 and 1.0 per cent 
solutions of aluminum dioleate in toluene in the small tubes. Equa-
tions from which n' and K', may be calculated are tabulated in table 
6. Both figures 13 and 14 show some tubes out of line with the others. 
This was due to slight soap concentration changes as solvent evaporated 
and was subsequently replenished with fresh solution. The effect is 
most prominent at the higher concentrations where a small change in sol-
ution concentration causes a large change in solution viscosity. 
Figures 15 and 16, 17 and 18, 19 and 20 are plots of fricti.on 
factor versus solvent Reynolds number for 0.20, 0.50, 0.75 and 1.0 
per cent solutions of aluminum dioleate in toluene in the small unit. 
The solid lines represent the conventional solvent friction factor 
equations. By using solvent Reynolds number rather than solution Rey-
nolds number it is i.nm.ediately clear that when a solution~s friction 
factor falls below the turbulent solid line it is a drag reducing 
solution. 
It is apparent that neither the 0.20 or 0.50 per cent solutions 
were drag reducing. The effect of their slight increase in viscos-
ity over the pure toluene can be noted in the way the points lie 
above the pure solvent lines. 
The 0.75 per cent solution, however, gave good drag reduction. 
From the laminar region of figure 19, it can be noted that at this 
concentration there was a marked increase in viscosity over the 0.50 
Table 6 
Best Least Square Values For n' and K' 
Form ... Y • Beta(O) +Beta(l)X +Beta(2)X2 . • . • . . . Y : D P/4L, X • SV/D 
Pure mineral oil 
BETA COEFFICIENT 0 -0.136495230 1 CONFIDENCE INTfRVAL 0 0.4977352~0-02 
1 C.999468530 00 0.115271290-02 
* THE STANDARD DEVIATION _IS 0.00223123-
Pure toluene 
BETA- COEFFICIENT CONFIDENCE INTERVAL 0 -0.236508680 01 0.379217320-01 
1 0.102551250 01 O.l0189607D-01 
THE STANDARD DEVIATION IS * ' 0.01568023 
0.2 per cent aluminum dioleate in toluene 
BEbA -8~~~~!~;~~6 01 CONF18:~t2s~~~~~~~t 
1 O.l0034A720 01 0.813829BOD-C2 







l0WER ROUf\18 -0~22852153 01 
0.995348890 00 












0 .. 2 __ pe:r eent aluminum dioleate in toluene 
BETA COEFFICIENT. CONfl8ENCE INTERVAL 0 -0.204656660 01 .149925350 00 
1 0.89367531D 00 0.785992250-01 
2 0.140332030-01 O.l0012210D-Ol 
THE STANDARD DEVIATION I~ n.nn7h~~tR * 
. 
0.5 per cent aluminum dioleate in toluene 
BETA COEFFICIENT CONFIDENCE INTERVAL 0 -0.215 66660 01 0.3638111~0-01 
1 0.984600750 00 0.9773g256D-02 
THE STANDARD DEVIATION IS 0.01291815 * 
0.75 per cent aluminum dioleate in toluene 
BETA COEFFICIENT CONFI8ENCE INTERVAL 
0 -0.119860670 01 .114598780 00 
1 0.835372760 00 0.324687320-01 
THE STANDARD DEVIATION IS 0.02797734* 
1.0 per cent aluminum dioleate in toluene 
~ -s:A~1184~rR Sb 8:!~rs!6g7B-8~ 



























1.0 per cent aluminum dioleate in toluene 
BETA COEFFICIENT CONFIDENCE INTERVAL 
o -0.261504sqo 01 o.soqso54lo oo 
1 0.151238060 01 . 0.26762RB'50 00 





* THE STANDARD DEVIATION IS 0.04161786 __ .. -·· 
1.0 per cent aluminum palmitate in toluene 
BE6A --~~~~~~~l~~b 01 CONFI8~~~~3!~l~~~~~ 
1 0.926827860 00 0.221503670-01 
THE STANDARD DEVIATION IS ·o. 02208151 *. 
0.3 per cent aluminum dioleate in mineral oil 
~ETA COEFFICIENT CONFIDENCE INTERVAL 
0 -0.131736530 01 0.1493'575?0-01 
1 0.9q475432D 00 0.358922290-02 





. o.9Qll6510D oo 
* MOre than a 95% prob. that the next degree coefficient is not significant 
UPPF ~ RnU~J f) 
-0.210524350 01 
O.l7RO\J0041) 01 





















~.;; versus SV /D 



































t"'..> versus SV /D 
























103 FIGURE 1.3 ~ versus SV/D 










"'s 102 111 () ~ Diam. (in.) .......... en 
Cl) 
c (!] 0 0.10 ~ 
"d ~8 t:l 0.06 






I I IQI I I I I I I I I I I I I I I I I I I I I I I I 
102 103 104 
.p. 
\Q 













't., versus SV/D 
1% ALUMINUM DIOLEATE 
IN TOLUENE 




















lA --a Ife 
/D. 











~ ~ ~ .0/ 
~ ~ ~ ~ .oo5'" 
~ 
FIGURE 15 
FRICTION .FACTOR. D-ATA FOR G·.·2% A'tUMINUM DIOLEATE IN TOLUENE 
0.1 and 0.06 TUBES 
0 Q/ /#t:# P/N'N. 
EJ o. ~~ /4-'C/1 P/..9#. 
~· /~ 
.SOLJ/1/VT HI,Y#'Pt.t:>.T NvH4e~ 
V\ 
..... 
\ ~ ~ 
~ \ 
.05 
~ ~ ~ ·" j• 
~ ~ ~ .005 
~ 
FIGURE 16 
FRICTION FACTOR DAT'A FCR O. 2$-.~A.LUMINUM DIOLEATE IN TcJLUENE 
o.o; and o.ol TUBES 
A 0.09 //YCH ~/AM 
0 a. t:>l /#CH P//l/11. 
~0~ 
" . lA A 








' ~ ,. 
~ ~ • t:l/ 
~ 
~ ~ ~.tit>$ 
~ 
FIGURE 17 
FRIC1'ION FACTOR DATA FOR 1/2% ALUMINUM DIOLATE .IN TOLUENE 
/03 
0,1 and 0,06 TUBES 
S~YGNr .lfGJo"'..t"'~PS' NU'I?t!JG/f' 
0 0. / /IYC IY P/1'9~. 










L ·~ .01 
\( 






. FIGURE 1$ 
FRICTION FACTOR DATA FOR l/2% ALUMINUM.DIOLEATE IN.TOLUENE 
. 0.03 and 0.01 TUBES 
0 
.. 
A 0.03 /#Ch' P/.19#. 
Q 0. o / //I'C/1 P//9/£1. 














































El 00 A 
0 08e8 A 13 A m e 
A AAA 
10J Solvent Reynolds Number 104 
FIGURE l9 
















































A 0.03 0 o.o1 
eJA.... 0 ~8 




103 Solvent Reynolds Number 104 
FIGURE 2.0 




per cent solution. This is probably due to a different soap struc-
ture in solution at this concentration. This difference in struc-
ture is probably also the cause of the drag reduction. The shear 
thinning nature of the fluid causes the data in the smaller diameter 
tubes (with their higher shear rates and, therefore, lower apparent 
viscosities) to lie closer to the solvent friction factor line in 
the laminar region. 
In the 1.0 per cent solution (figure 20) the trends were similar 
~th an over all gain in drag reduction. In both the 0.75 and 1.0 
per cent solutions an abrupt drop in the friction factor was noted 
for the 0.03-inch tube at a &eynolds number of about 2·104. In the 
1.0 per cent solution this drop corresponds to a change from the 
medium size pump to the large size pump. In the 0.75 per cent solu-
tion the pump change came just after the drop and only the last three 
points were run with the large pump. 
A discrepancy in the data is noted in the laminar region (figure 
20) of the 1.0 per cent solution. The location of the 0.1-inch tube 
lies closer to the laminar line than does the 0.06-inch although the 
solution is shear thinning. This is probably caused by the fact that 
both the 0.1-i.nch and 0.01-i.nch tubes were run about ten days aft.er 
the 0.06-inch and 0.03-inch tubes and, as will be pointed out later, 
these solutions were later found to be time dependent. From table 
6 it appears that the 1.0 per cent solution has a lower viscosity 
and higher n' than the. 0.75 per cent solution. It is doubtful that 
th..is is actually the case. The probable explanation is that the 
pressure tap was relocated after the 1.0 per cent solution was run 
58 
and all other data were taken with the tap in a more desireable loca-
tion.* 
Because the 1.0 per cent solution gave the greatest drag reduc-
tion~ a larger sample was prepared and run in the large system. Fig-
ure 21 shows these results for 1/2~ 1 and 2-inch diameter pipes. 
The maximum reduction in pressure drop over the pure toluene was 
just over 70 per cent and occurred at the highest flow rate in the 
1/2-inch pipe. Data taken two weeks later, after at least 10 hours 
** of additional pumping, show no appreciable loss in drag reduction. 
Figure 22 is a plot of log D6P/4L versus log 8V/D data in lam-
inar flow for 0.3 per cent aluminum dioleate in mineral oil (see 
table 6). Figure 23 is a plot of friction factor versus solvent Rey-
nolds number for the above solution. Unfortunately~ due to the high 
~scosity of the oil~ only a few points in the turbulent region were 
obtained. Therefore, no conclusions as to the drag reducing charac-
teristics of this system can be reached. 
Figure 24 is a plot of log D6P/4L versus log 8V/D data in lam-
inar flow for a 1.0 per cent solution of aluminum palmitate in tol-
uene (see table 6 for the equation constants). Figure 25 is a plot 
of friction factor versus solvent Reynolds number for this solution. 
In the Reynolds number range covered, drag reduction was observed 
only in the smallest tubes at the highest flow rates. 
*After the pressure tap was relocated the tube diameters were re-
calculated from new pressure drop measurements using the previ-
ously described iterative method. The 1.0 per cent solution was 
calculated with the old diameters (Appendix II); calculations for 
all other data were made with the diameters given in table 1 • 
**At this time the total age of the solution was about one month. 
As will be pointed out later the ori<ginal pumping of the two week 
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It was found that if this semi-opaque solution was allowed to 
remain undisturbed for about 5 days a noticeable gradient in opacity 
was observed indicating a concentration gradient. After about two 
weeks nearly all of the soap had settled out of solution. Because 
of the above problems, further studies were limited to the aluminum 
dioleate-toluene system. 
All of the data thus far presented seem to exhibit the charac-
teristics of dilute solutions, although in some cases this deter-
mination is difficult. These solutions all seem to undergo a trans-
ition to turbulent flow which is characterized by a local minimum 
or a slight hump or inflection in the friction factor versus solvent 
Reynolds number curve, as distinguished from concentrated solution 
behavior in which a gradual departure from the laminar curve with 
no transition region is observed. 
Drag Reduction Correlations 
Since most of the reported work on drag reducing systems to 
date has been done with polymer solutes, an attempt was made to try 
to detect any similarities between drag reduction in soap and poly-
mer solutions. 
The correlation, developed by Rodriguez (32), which has been 
used with fairly good results on many polymer solutions for concen-
trations low enough so that the solutions undergo a noticeable tran-
sition to turbulent flow, was tested to see if the soap data would 
fit for the various tube diameters. Laminar flow data for the 0.75 
per cent solution and the 1.0 per cent solution are listed in Appen-
dix V. ·· Alt:kough the best least square etttve for obtaining n 1 and 
65 
K 1 was of second order, the best first order curve was used for this 
correlation as extrapolation is necessary at both high and low shear 
rates and it is believed that the first order curve is a more likely 
estimate in these regions. The data for the first order fit is 
given in Appendix V • 
(where fP.V 
Figure 26 is a plot of f measured divided by fpv/is calculated 
from the Dodge-Metzner equation) versus a modified Deborah number, 
V/n°· 2 • Since we had no way of calculating T 1 , the first mode re-
laxation t~e of the theory of Z~ (44), it was considered a con-
stant for any one concentration tested.* Because the complete range 
of pipe diameters was covered by only the 1.0 per cent solution, 
that is the only concentration which is plotted. 
A definite diameter effect can be noted in figure 26. The 0.01-
inch tube was not included as its values of V/n°· 2 were too large to 
fit on ~he graph. Figure 27 is a plot of f/fpv versus the velocity. 
This is a slightly better overall fit, although the large unit data 
is slightly worse. 
Although, on the friction factor versus solvent Reynolds number 
curve, most of the 1.0 per cent aluminum dioleate-toluene data shows 
the characteristics of a dilute solution, an attempt was made to fit 
the data using Liaw 1 s (23) correlation for concentrated solutions. 
Figure 28 is a plot of f/fpv versus the generalized Reynolds number. 
Again, n 1 and K 1 were fit with a first order curve. The larger 
tubes show a strong diameter dependence, as do dilute polymer solu-
tions, but the trend is erratic for the two smallest tubes. It is 
*Although the relaxation t~e is a function of the apparent viscosity, 
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possible that this system acts like a dilute solution in the larger 
tubes and as a concentrated solution in the smaller tubes (23). The 
discrepencies among the smaller tubes may be at least partly due to 
the poor stability of this system as in the small tubes runs were 
made over a period of several days, as noted earlier. 
The Seyer-Metzner (38) correlation was also used to attempt to 
correlate these data. This correlation requires normal stress 
measurements. The technique used for these measurements is described 
in the experimental section. Figure 29 is a plot of log thrust ver-
sus log 8V/D for the 1.0 per cent aluminum dioleate-toluene system. 
The observed thrust values were corrected by subtraction of a con-
stant thrust est~ted for zero flow conditions. The data were fit 
with least square curves. The constants and confidence intervals 
of these curves along with the subtracted constant thrusts are listed 
in table 7. 
Figure 30 is a plot of the log of the normal stress difference 
at the wall versus log 8V/D for the 1.0 per cent aluminum dioleate-
toluene system. Also shown on this figure are data obtained by Green 
(17), using a similar technique, for 1.0 per cent polyisobutylene 
(L-80) in cyclohexane. The PIB solution gave about twice the normal 
stress differences obtained with the soap solution at equal 8V/D 
values. At this concentration the soap solutions did not exhibit 
the Weis.senberg effect of climbing a rotating rod, although, at the 
2 to 3 per cent level they did. 
Figure 31 is a plot of log friction factor versus log solvent 
Reynolds IlUiftber for the 1.0 per cent aluminum dioleate-toluene 
Table 7 
Least Squares Analysis of Normal Stress Data 
Form - Y : Beta(O) +Beta(l)X +Beta(2)X2 
0.06 in. diam, thrust tube 
...... ' .. 
BETA COEFFICIENT 
0 -0.646093480 01 










-:) • 5 16 4 4 g ') F3 ll •)l 
O.l0!18117Ai) p~ 'J.2~47611.2f) vu 
THE STANDARD DEVIATION IS O.OCR48334 The subtracted constant is 0.014 gm. 
0.03 in. diam. thrust tube 
BETA COEFFICIENT 
0 -0.127701380 02 
l 0.366829170 01 









UP P E R R 1U "J i) 
-O.lJAZA2g6D 02 
0,476ll1Rll1 01 
-0. 549746'+ 10-Jl 
THE STANDARD DEVIATION IS 0.01492221 The subtracted constant is 0.008 gm. 
0.01 in. diam. thrust tube 
BET A COEFF IC J ENT CONF rgENCE 1 NTER VAL.... ... LOW. [R BOUND 0 -0.113433420 02 .679529230 00 -0.120228720 02 
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system. The solid line represents the conventional solvent fric-
tion factor equation. The open symbols represent the actual mea-
sured friction factor and the shaded the friction factor predicted 
by the Seyer-Metzner equation. For the small tubes the agreement is 
quite poor. It can also be seen that the slope of the predicted fric-
tion factors is very steep. For the agreenent is better for the 
larger tubes although it is still not very good. The friction fac-
tor predicted by this equation is very sensitive to B(T). Seyer 
obtained B(T) from an ET-597-water system with most of his data taken 
iL a l-inch pipe. A new B(T) function would have to be calculated 
to correlate this aluminum dioleate-toluene system. Unfortunately, 
as can be observed from table 8, there does not seem to be a unique 
B{T) versus T curve for this system. 
Structure of Aluminum Soap Systems 
Since drag reduction was accompanied by a sharp increase in 
viscosity as concentration increased, it was decided to try to de-
termine if some sort of sudden agglomeration of particles occurred 
at some concentration above 0.5 per cent (termed critical micelle 
concentration in the literature review). In order to attempt to 
observe if a critical micelle concentration occurred in this region, 
surface tension was measured by measuring the force that was re-
quited to remove a glass plate vertically from the solution. Un-
fortunately, the data obtained were very erratic and no conclusions 
could be drawn from it. It is possible that there was a surface 
active impurity present in the solvent which caused the erratic 
data. For.this reason they will not be presented. Since equip-
ment for light scattering measurements, a more sensitive method, 
Table 8 
Seyer-Metzner Correlation 
Tw 2 Diam (Nre>solv Dr T B(T) f f B(T) dynes/em in from S-M predicted me as calc 
b S-M 
83.06 0.510 47336 0.677 7.63 17 0.00345 0.00358 16.3 
83.70 1.000 99513 0.699 7.66 17 0.00264 0.00315 14.0 
84.65 2.000 189393 0.889 7.69 17 0.00222 0.00352 9.7 
90.87 0.107 7828 0.771 7.90 18 0.0189 0.00636 
220.03 0.510 106902 0.419 11.75 23 0.00192 0.00186 23.7 
230~36 0.107 15139 0.621 12.02 24 0.00580 0.00431 
231.91 0.0653 8289 0.661 12.07 24 0.0165 0.00537 
249.03 1.000 228547 0.466 12.52 26 0.00136 0.00178 20.3 
445.73 0.510 194935 0.288 17.47 29 0.00124 0.00113 31.4 
455.38 0.0653 14839 0.471 17.70 29.5 0.00537 0.00329 
854.20 0.0653 22259 0.435 27.26 32 0.00257 0.00274 29.4 
872.97 0.0328 8081 0.657 27.71 32 0.00759 0.00537 
900.65 0.0653 23472 0.417 28.37 32 0.00245 0.00260 29.6 
...... 
VI 
4961.32 0.0328 28387 0.416 163.35 33 0.00122 0.00248 17.0 
5207.77 0.0104 4752 0.976 174.75 33 0.00237 0.00927 
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was available to detect any sudden agglomeration, the surface tension 
technique was not pursued. 
The turbidity of the aluminum dioleate-toluene solution was 
then measured at various concentrations in a Brice-Phoen~ universal 
light scattering photometer. Figure 32 is a plot of turbidity ver-
sus concentration for a starting concentration of 1.43 per cent. 
No critical micelle concentration was observed. The complete data 
for all the light scattering measurements is given in Appendix VII. 
The dissymmetry (I4s/I135) for the above solution was rather high. 
This could have been caused by the high viscosity of the solution 
which made dust removal by cnetrifuging difficult, or possibly the 
soap agglomerates were large, actually causing dissymmetry themselves. 
Figure 33 is a s~lar plot starting with a 1.22 per cent solution. 
The dissymmetry was much lower. The curve is s~ilar, although lower 
values of turbidity were recorded at all concentrations. This could 
have been caused by a more effective removal in the low viscosity 
solution or by a lower agglomerate molecular weight as a result of 
the lower starting concentration (see page 15 in the literature re-
view). 
To ensure a dust free solvent, reagent grade toluene, which was 
relatively free of water, was used in the light scattering measure-
ments. It has been pointed out in the literature review that the 
hydrogen bonds between soap molecules might break to preferentially 
form ionic bonds with any water molecules present. In order to check 
the effect of additional water, an excess of water was added to the 
solution. When the solution was centrifuged the excess water was 
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was again s~ilar in shape except that at any concentration the tur-
bidity was still lower. Since the starting concentration of the soap 
in the water saturated toluene was again lower (1.02 per cent), it 
is not known whether the decrease in turbidity was caused by break 
up of soap particles due to the water or by starting concentration 
effects. 
In order to detect any subtle differences, more rigidly controlled 
standard procedures than used here would be required. For example, 
the effects of starting concentration, aging and length of time in 
the centrifuge, which caused the sample to heat, would have to be 
considered. 
Nevertheless, some interesting facts can be noted from the data. 
All three curves, when extrapolated to zero concentration, give values 
of turbidity very close to the literature value for toluene, 1.04•10-3 
cm-1 • This suggests that if a critical micelle concentration does 
occur it is at a very low concentration. Also all three curves are 
nearly straight lines. This is an indication that there is little 
particle-particle interaction. This is not surprising when one 
realizes that in hydrocarbon solvents the charged polar ends are all 
in the center of the soap particles and therefore do not react with 
the polar ends of other particles. In polar solvents the opposite 
is true and the polar ends of the micelles face out into the fluid. 
In this case the micelles repulse one another, the effect becoming 
more pronounced as the micelle concentration goes up. This effect 
can be seen in the constantly decreasing slope on turbidity versus 
concentration curves for aqueous systems. Adding a salt has the 
effect of shielding the charged ends. This not only lowers the 
.. 
critical micelle concentration but also allows a greater micelle 
molecular weight. A typical aqueous turbidity versus concentra-
tion curve has a tendency to straighten out as a salt is added to 
the solution. 
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Because we did not originally plan to determine the molecular 
weight of the aluminum dioleate solutions, the turbidity was not 
measured at concentrations below about 0.4 per cent. This makes 
meaningful extrapolation to zero concentration difficult. 
Figure 35 is a plot of solution concentration (gm/ml) divided 
by the difference between the solution turbidity and the turbidity 
of pure toluene versus the concentration in weight per cent for the 
aluminum dioleate-toluene system. The bottom data correspond to 
figure 32 with a starting concentration of 1.43 per cent. The 
middle data correspond to figure 33 with a 1.22 per cent starting 
concentration. The top data correspond to figure 34 with a start-
ing concentration of 1.02 per cent .. 
Since all three curves are nearly horizontal and variations 
can be explained by small errors in the measurements, it was as-
sumed that all three solutions were ideal, that is, they plot on 
figure 35 as straight horizontal lines. An average of the points 
for each solution is marked on the ordinate of figure 35. It should 
be noted that the ordinate of figure 35 is expanded and therefore 
even a slight error in turbidity will appear as a large change on 
figure 35. 
From the Brice-Phoenix differential refractometer, dn/dc (the 
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was found to be 0.402•10-3 liter/gm. Knowing the wave length of 
the light from the light scattering phot~eter (4360•10-8 em) and 
the refractive index of pure toluene (1.515) the constant H was 
found to be 5 .64•10-5 (see Appendix I for sample calculations). 
From the averages marked on the ordinate of figure 35, the weight 
average molecular weights were calculated to be 10,100, 8,150 and 
6,.900 for the bottom, middle and top data, respectively. 
Also plotted on figure 35 is the average value of C/T-T0 ) 
versus the starting concentration of the solution. When the 
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straight line which is drawn through these three points is extrapo-
lated to zero starting concentration, a molecular weight of about 
4000 is calculated. This corresponds to a grouping of about seven 
molecules. Because it is felt that the critical micelle concen-
tration occurs at extremely low concentrations, it is interesting 
to speculate that a micelle of this soap has a molecular weight 
of about 4000. This rough estimate neglects the influence of 
solution water content on molecular weight. 
The solutions used in the friction factor measurements were 
mixed at the concentrations that were run. Since Sheffer had deter-
mined that for his soaps in benzene the bonds in the dry soap were 
retained in the solution {as opposed to individual soap molecules 
agglomerating in the solvent), estimates of the relative molecular 
weights of these solutions were made from intrinsic viscosity meas-
* urements. Although the solutions were known to be non-Newtonian 
at high shear rates, it was felt that the shear rates in the Cannon-
*Intrinsic viscosity is defined by lim ~p/C as C approaches zero 
concentration. ~sp = (Dsoln-~solv)l~solv 
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Ubbelohde viscometer were low enough so that this effect would not 
be significant for qualitative comparisons. At low concentrations~ 
the fluids approach Newtonian behavior and eliminate this source 
of error. 
Figure 36 is a plot of reduced viscosity~ t]sp/C~ versus concen-
tration for the fresh (undegraded) solutions. This plot shows the 
effect of various starting concentrations on the reduced viscosity 
at any concentration. The 1.0 per cent solution was run first and 
rechecked after the others were run to make sure that aging effects 
were not significant during a single day's run. At any concentra-
tion the 1.0 per cent initial solution has the highest reduced vis-
cosity and the 0.2 per cent has the lowest reduced viscosity. The 
0.75 per cent solution~ for some inexplicable reason~ did not go 
~ediately into solution. Therefore~ these data are omitted from 
figure 36. 
It is difficult to make any estimate of intrinsic viscosity 
from the data as at low concentrations the reduced viscosity sud-
denly begins to decrease rapidly. This same trend~ but less marked, 
is apparent in some of Sheffer's data. He does not, however, comment 
on it. 
It can be seen from the data in Appendis VII that in nearly all 
cases the viscosity dropped slightly when rechecking each point in-
dicating some mechanical degradation.* The first flow time was used 
*Although it might at first seem that a noticeable degradation caused 
by shearing in the viscometer is inconsistant with the lack of deg-
radation noted in the large unit (figure 21) it should be noted that 
the solution in the large unit had already been aged for about two 
weeks and mechanically degraded (by the initial run) before being 
rerun. Therefore, the bulk of degradation had already occurred be-
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in calculations as this time more nearly represented the actual fresh 
undegraded viscosity at the new concentration. In the few cases 
where the viscometer flow time did not drop in successive readings~ 
an average of the points was taken. In any case the uncertainty is 
not significant for these comparisons. 
The solutions were than aged for 12 days and the measurements 
repeated. Figure 37 shows the results of these measurements. The 
reduced viscosity decreased greatly at all concentrations for every 
initial concentration. From the data in Appendix VII it is seen that 
the flow times through the viscometer did not decrease on the second 
check nearly as regularly as they did with the fresh solutions. This 
implies that these aged solutions were not as sensitive to mechanical 
degradation as the fresh solutions. This is particularly true at the 
lower starting concentrations. 
Figure 38 shows viscosity data for the same solutions 13 days 
old and degraded by shearing. Each 12 day old sample was run through 
a 6 inch long 0.03-inch diameter tube. The pressure drop across the 
tube was held constant at 300 psi. This gave a wall shear stress of 
about 2.6•10-4 dynes/cm2 • Each sample was completely run through the 
tube three times just prior to being run in the viscometer. Besides 
the shearing action inside the tube~ there was much turbulence and 
foaming inside of the collection bottle when the discharge jet struck 
the previously discharged fluid. The effect of degradation is slight 
as compared with the twelve days aging and it is possible that the 
ad~itional one days aging may be partially responsible for the vis-
cosity decrease. The viscometer flow times no longer showed any 
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9 t FIGURE 38 
ALUMINUM DIOLEATE IN TOLUENE 
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Since the mild shear which occurs in measuring the viscosity of the 
fresh solution seemed to cause degradation, it is probable that 
severe shearing of a fresh solution would cause a much more drastic 
viscosity loss than mechanically degrading an aged solution. 
These results show that the starting concentration does affect 
the soap particle weight and/or shape in these solutions. It is 
also clear that the particles definitely undergo a time dependent 
change of weight and /or shape. Since it has been found elsewhere 
(36) that impurities affect the properties of soaps in non-polar 
solvents, it is also probable that impurities affect the rate of 
aging. 
From these results it appears that every concentration studied 
in the drag reduction measurements had a different molecular weight 
as each solution was prepared at the concentration at which it was 
run. In the viscosity measurements the greatest change occurred 
between the 0.2 and 0.5 per cent solutions. There was no rapid 
change in molecular weight between the 0.5 and 0.75 per cent solu-
tions. Drag reduction occurred when the concentration was raised 
above 0.5 per cent which is the same range in which the pressure 
capillary flow data showed a rapid increase in viscosity. 
This difference may be due to differences in the water content 
of the toluene. The toluene used in the drag reduction and pressure 
capillary flow measurements was an industrial grade which had been 
stored in drums for several months and was probably water saturated 
(.05 per cent), while the toluene used for the viscosity measurements 
was reagent grade with not more than 0.02 per cent water. Water 
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causes a decrease in molecular weight as the polar ends of the soap 
molecules will tend to bond to the water molecules. Thus, the soap 
effectively takes the water molecules out of the solution. In the 
case of the reagent grade toluene most of the water was apparently 
taken out by 0.2 to 0.3 per cent soap and any additional soap added 
after that could remain as a very high molecular weight agglomerate. 
With the industrial grade toluene's higher water content, more soap, 
presumably about 0.5 per cent, was required to remove the water from 
the solution. Thus, at about 0.75 per cent the sudden increase in 
viscosity and drag reduction occurred in the capillary flow unit 
using the industrial grade toluene. 
As mentioned in the literature review, it has been shown that 
the addition of an electrolyte to an aqueous soap system increases 
the micelle molecular weight. Not only was Savins (35) able to reach 
a higher shear stress before losing his drag reducing effect, with 
increasing electrolyte concentration, but his solutions also show 
slightly greater· maximum drag reducing ability. This could be an 
indication of increasing molecular weight in his system. Savins did 
not investigate the effect on K1 or n 1 (34) of adding electrolyte. 
One point of difference between the aqueous data and these results 
is that the critical shear stress sensitivity observed in the aqueous 
solutions was not observed in the hydrocarbon drag reducing solutions. 
The soap structure in aqueous and hydrocarbon solvents is quite 
different. In a hydrocarbon solution the carboxyl ends turn inward 
away from the solvent and the soap molecules are primarily held to-
gether by hudrogen bonds between·· the hydroxyl groups. In an aqueous 
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solution the hydrophobic hydrocarbon ends turn inward away from the 
solvent. The soap molecules are then held together by a balance be-
tween the weak Van der Waals forces acting between the hydrocarbon 
ends, which are close together, and the repulsive forces of the 
charged polar ends which are further apart. Adding a salt has a 
tendency to shield the charged polar ends and reduce their repulsion 
force. Therefore, the soap molecules are more strongly held toget-
her. Because of this the critical micelle concentration will go 
down and the micelle molecular weight will go up with an increase in 
electrolyte concentration. 
This might explain the sudden loss in drag reduction that Savins 
(35) and White (43) noted. At some critical shear stress the micelles 
were literally being torn apart faster than they could reform. Once 
the shear stress fell below this critical point the micelles reag-
glomerated. White has data showing the same effect as Savins but 
in various sized tubes, showing that the loss in drag reduction is 
definitely related to shear stress. In our data, even though wall 
shear stresses of over 5000 dynes/cm2 were reached as compared to 
critical shear stresses of 500 and 50 dynes/cm2 f9r Savins and White, 
respectively, a loss in drag reduction was never observed. This is 
in accord with the above description in which the forces holding 
micelles together in aqueous solvents are weaker than those in hy-
drocarbon solvents. 
Mysels (27), in his definition of a micelle, points out that 
micelles exist in dynamic equilibrium. In view of the reversible 
effects observed by Savins and White, the probable structure of a 
soap micelle in an aqueous solvent, the fact that when micelles are 
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dissociated by heating the effect is reversible (21) and the in-
crease in micelle molecular weight on the addition of a salt, it 
would seem that in aqueous systems the soap dissolves as a monomer 
and then agglomerates into micelles. In these solutions, one would 
expect a dynamic equilibrium to be reached and~ therefore, no de-
pendence on starting concentration. In hydrocarbon solvents, how-
ever, starting concentration effects, irreversible molecular weight 
loss on heating (36) and molecular weight dependence on soap prep-
aration technique (36) point to no dynamic equilibrium and to struc-
ture formation in the dry soap rather than in the solution. In 
these solvents the soaps act somewhat like polymers, which have a 
fixed molecular weight and no dynamic equilibrium. 
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CONCWSIONS 
1. Drag reduction was observed at concentrations of 0.75 per cent 
and above for aluminum dioleate in toluene. 
Capillary viscometry data showed a rapid rise in viscosity be-
tween 0.5 and 0.75 per cent. 
2. No critical shear stress, above which drag reducing flow re-
turns to purely viscous flow, as has been observed for soaps 
in aqueous solvents was noted in this hydrocarbon system. 
3. The first normal stress difference at the wall for a 1.0 per 
cent aluminum dioleate-toluene system was about half that ob-
tained by Green for 1.0 per cent PIB L-80 (mol. weight about 
720,000) in cyclohexane at equal wall shear rates. 
4. Viscometry data showed that the aluminum dioleate-toluene 
system was time dependent. Fresh solutions were sensitive to 
mechanical shear. It was also noted that the viscosity of the 
solution depended on the initial concentration at which the 
soap was dissolved. 
5- No critical micelle concentration was observed. 
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RECOMMENDATIONS 
Further refinement of the small unit is needed. Using electro-
static discharge machining, a pulsed laser or conventional drilling 
techniques, holes with diameters as small as 0.002 inches can be 
drilled. With holes of this magnitude, pressure taps could be put 
in the capillary tube. This would eliminate consideration of end 
effects. An efficient fluid filtering system would be required. 
The pressure drop could be determined with a differential pressure 
trnasducer. This would have the advantage of rapid response and 
also the pressure drop would be obtained from a fully developed 
velocity profile region. Any instrumentation which allows one to 
make readings more quickly is desirable as many solutes degrade 
rather rapidly mechanically and with time. 
Due to the unstable nature of these soaps, further work will 
require considerably more sophisticated procedures. Storage time 
and temperature are critical. Extreme care should be exercised to 
keep polar contaminants out of the solutions. When these solutions 
are centrifuged or filtered (for light scattering measurements) they 
may degrade. It is also important to bear in mind that soap prep-
aration technique probably has a large effect on the agglomerate 
size in a hydrocarbon solvent. 
Further work should be done to determine if there is a critical 
agglomerate weight above which drag reduction occurs. Osmotic pres-
sure and light scattering measurements could be used to calculate 
the number and weight average molecular weight respectively. It 
would also be of interest to note the effect of the type of fatty 
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ac~d, the metallic component and the amount of free fatty acid on 




For a Brice-Phoenix light scattering photometer 
T = K n 2 (Rw/R ) 
c 
a 1 = (Gs/Gw) 
T - Turbidity 
K - A constant which is a function ~f the particular photometer 
used. In our case K = 1.13 em- when A (wavelength) is 
4360 x lo-8 em. 
n - Refractive index of the solution nsolvent for dilute solu-
tions (toluene at 250C with A= 4360 x ·!o-8 em~ n = 1.515) 
Rw/Rc - Experimentally determined correction for incomplete com-
pensation for refraction effects. In our case (with a 40 x 40mm 
cell containing toluene at 25°C and A = 4360 x lo-8 em) 
Rw/Rc = 1 .. 036. 
a - A constant correcting the opal glass standard to the working 
standard. In our case a= .0497. 
F - Products of the transmittances of the neutral density filters. 
F1 ~ F 2 , F3 and F4 are 0.480, 0.236, 0.107 and 0.0304 respectively. 
Gs!Gw - Scattering ratio 
From the first set of data on p. 123 
T = 1.13 (1.515)2 1.036 
T = 8.0 x lo-3 cm-1 
To determine molecular weight 
1 
HC/T -T0 = - + 2BC M 
C - Concentration g/ml 
.0497 
.480 .107 .0304 
.480 .0304 
M - Solute weight-average molecular weight 
B - Some constant which is a function of the system 
T - Solution turbidity 
T 0 - Solvent turbidity 
56 
100 
N = Avogardro's number 
dn/dc - Refractive increment 
with A = 4360 x 10-8 em~ dn/dc = 0.402 x lo-3 liter/gm. 
H = 15.20 x 10-5 (1.515)2(.402)2 ·to-6 (liters)2 mole 
(gm) 2 cm4 molecules 
cm2 mole 
H = 5.64 X lo-5 gml 
molecules 
96A 
So plotting Hc/T -T0 versus C extrapolating to zero concentration and 
taking the reciprocal of the intercept one obtains M. 
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AP P Er~D IX II 
Calculated diameter of capillary tubes using mineral 
oil 
DIAMETER FLOW RATE PRFSS DROP ITERATIONS ENT. CONS 





































THE AVERAGE OIAMETEP IS0.106qlll8 INCHES 
DIAMETER FLOW RATE PRESS DROP ITERATIONS 
INCHES CC/MIN PSF 
0.064803 83.3000 788.9353 2 
0.064801 115.3300 1092.3875 2 
0.064879 149.5300 1409.5669 2 
0.064969 201.3000 1887.0662 2 
0.064927 249.6000 2345.9514 3 
0.064768 307.6699 2920.2405 '3 
0.064881 367.0000 3459.1904 1 
0.064839 432.5000 4087.2202 3 
0.064792 490.0000 4643.9R44 3 










































































FlOW RATE PRESS DROP ITERATIONS 
CC/MIN PSF 
3. 9700 10324.1406 . 1 




















































Diameters of capillary tubes used with the 1.0% aluminum 
dioleate in toluene solution only. 
DIAMETER FLOW RATE PRFSS OROP ITERATIONS ENT. CONS 


























































DIAMETER FLOW RATE PRESS DROP ITERATIONS ENT. CONS 


















































THE AVERAGE DIAMETER ISO.C6528276 INCHES 













Diameters of capillary tubes used with the 1.0% aluminum 
dioleate ln toluene solution only. 
DIAMETER FLOW RAT f PRESS DROP ITERl\TJONS ·ENT. CONS 
INCHES CC/MIN PSF 
0.032825 74.0000 5243.2578 2 1.0800 
0.032824 96.0000 6802.7266 2 1.0800 
0.032787 116.5000 8292.3437 2 1.0800 
0.032845 141.0000 9965.7383 2 1.oeoo 
0.032859 163.0000 115C1.7656 3 1. oAoo· 
0.032828 185.0000 13103.7773 3 1.0800 
0.032809 2CS.OOOO 14 767 .1719· 3 1.0800 
THE AVERAGE DIAMETER l$0.03282515 INCHES 
DIAMETER FLOW RATE PRESS DROP ITEP~TIONS ENT. CONS 















































Diameters of thrust tubes of normal stress apparatus. 















































DIAMETER FLOW RATE PRESS DROP ITERATIONS ENT. CONS 





























THE AVERAGE DIAMETER IS0.03313094 INCHES 
1.0800 






Diameter o~ thrust tube from normal stress apparatus. 
Calculated with mineral oil. 
DIAMETER FLOW RATE PRFSS DROP ITERATIONS ENT. CO~S 









































PURE MINERAL OIL 
Tube diameter 0.10691112 in. 
GPM PSI FT /SEC RE F tv'EAS 
0.0359297 1.4778 1.284 214.3 0.07466 0.0359297 1.4782 1.2P.4 214."3 C.C746R 0.0496675 2.0336 1.775 206.2 o.C?376 0.0667526 2.7512 2.3~6 398.1 C.G4C27 0.0871H?.3 3.5961 3.116 520.0 C.010R6 
O.l0963R4 4. 508? 3.918 653.9 0.0?446 
O.l345CHO 5.5198 4.~10 802.7 C.Cl9R7 
0.1599215 6.5972 5.715 953.R 0.01682 0.1882346 7.7333 6.727 1122.7 O.Gl42'3 
o. 2142202 8.8500 7.656 1277.7 O.Ol25R 0.2382984 9.8916 8.516 1421.3 0.01136 
Tube diameter 0.06485081 in. 
GPM PSI FT /SEC RE F f.IF.AS 
0.0220069 5.4A07 2.137 216.4 o.C7419 
0.0304689 7.5888 2.9'59 299.6 c.os3s9 
0.0395042 9.7913 3.837 3AA.4 C.04113 
0.0531812 13.1058 5.165 522.Q 0.03038 
o.o6'5Q415 16.?930 6.405 648.4 0.02457 
0.0812830 20.2879 7. 895 79CJ.2 0.02013 
0.0812830 20.9154 7. 895 109.2 c.o?075 
0.0969573 24.0247 q.417 953.3 G.Ol675 
0.0969573 24.6337 c;.417 (}5~.3 O.Ol71R 
0.1142617 28.3892 11.098 1123.5 0.01426 
0.1142617 29.0496 11.098 1123.5 0.014'59 
0.1294526 32.2614 12.573 1272.9 0.01262 
0.1294526 32.9100 12.573 1272.9 0.01288 
OP/4l PV/0 F CJ\.LC D P. t\ G, :< f. T T ~) 
49.4585 11 5 3 • o o • a 74 n 6 ') • o g ')f) 2 
4q.47?.7 I 1 5 ~ • 0 (. • c 7 4. f II 1 • 0 ;;, 0 2 1 
nR.060C' 15Q3,A G.054Gl 0.Qg~4G 
92.073'5 2142.1 G.04(lq l.OOlYS 
l?C.3515 ?7Q7.6 c.o~C77 l.~C?77 
150.875'5 3~1P,3 0.02447 Q,qnq~? 
J P4. 7334 4319.0 0.0]9Q3 0.1Q7)) 
220.7883 ~131.B C,Ol677 l.GQ2qq 
258.8108 6C40.4 c.0142~ 0.9o977 
296.1848 6874.2 0.012'52 1.00434 
331.0425 7646.9 0.01126 l.C09l? 
OP/4l RV/f'J F CALC DKt\G Rf·TTfJ 
136.1975 31A4.1 C.073G4 l.U033P 
l8g.5P.34. 43q0.7 0.05341 1.00347 
243.3164 5679.8 c.o4tlq o.qq9~q 
325.6B11 7646.2 C.01CAG 0.992A7 
4u4.A8oO 948C.R C.0?46R 0.9054P 
504.1619 ll6BA.6 0.0.?002 l.Cl.·'56C 
519.7546 ll6A6.6 C.CZCC2 1.03671 
597.0212 13940.2 0.0167~ 0.9qq31 
612.1543 13940.2 C.Ol67~ 1.02362 
7C5.4797 16428.1 0.01424 l.OClJ2 
721.8926 ln42R.l 0.01424 l.C243J ..... 
801.7056 18~12.2 0.017~7 1.0040h 0 
817.8240 18612.2 0.01257 1.02425 w 
PURE MINERAL OIL 
Tube diameter 0,0)268525 in. 
GPM PSI FT/SfC RE F MEAS OP/4L ev/'J F CALC OQAG PATIO 
0.0102'505 19 .4<)8 4 3.Ql9 200.0 C.CR013 495.8105 11511.3 O.OAC;Ol 1. oc 41)1 
0.0102505 20.0566 3.91<:) 2oo.o o.c8263 510.0042 11511.3 0.0M00l 1.0~?75 
0.0124829 23.512A 4.773 243.5 G.06'532 597,A~87 140tP.3 o.0657C 0.qq41q 
O.Ol24A29 ?4.2132 4.773 243.5 C.'J6727 6115.hQQ7 14018.1 C.0657C l.U?391 
0.0163791 30.9859 6.263 319.5 C.04~99 787,CJliS3 lfl394.3 0.050(7 G.qon~~ 
0.0163797 31.7062 6. 263 319.5 0.05116 R06.2334 18394.3 C.050U7 l.C?l7e 
0.0224032 42.7763 8.566 437.1 C.016~<1 1087.725R 251~~.7 0,036Al l.C0710 
0.0282946 53.8267 10,Rl8 552.0 0.02010 1368.7161 11774.7 o.ozpqq l.C~41G 
0.0366351 6 9. 4 30 l 14. co 7 714.7 0.0?239 1765.4829 41141.0 o.0223CJ 1.noo~1 
0.0443817 84.0748 16.970 865,9 C.0184A 2137.R72A 40P42.7 C.OlR48 0.99qA3 
0.0546871 103.0963 20.Q09 1066.9 0.01492 2621.55'59 61413.4 o.c1~oc c.90514 
0.0640393 121.1529 24.485 1249.3 0.01279 10A0,703q 7191~.9 O.Jl2Al u.9qB5~ 
0.0735502 139.0448 28.122 1434.q 0.01113 3535.6621 R25Q6.4 0.01115 0.q97R7 
--.... -- - ~.. .._ _..... .. 
Tube diameter 0.01030308 in. 
GPM PSI FT/SEC RE F MJ;AS OP/4L BV/0 f CALC !)RAG RATIO 
0.0007212 45.4030 2.775 44.6 0.3107£1 1023,6372 ?5F58.9 C.1SA45 o.g2274 0.0010488 71.6949 4 •. 036 64.9 0.24698 1616.4033 376C4.3 0.24649 1.00197 0.001651R 113.3902 6.364 102.4 0.15710 2556.4460 5Q295.5 G.l5632 l.004QB 0.0023249 l57.4q25 8.946 143.9 0.1104? ~55C.7595 fl~354.7 C.lll?O o.ggzq7 
0.003011~ 205.8092 11.589 18 6 • 4 0 • C A '5 q R . 4 6 4 C. 0 A 59 1 ') 7 9 q ?. • 2 0 • 0 fl 58 4 l • 0 0 H> 6 0.0035666 ?42.3289 13.774 220.1 O.C7219 5461.4414 127q73.7 o.u7249 0,9q5o3 
0.0039628 270.0725 15.249 245.3 C.06517 60AR.94'53 1420B1.8 G.06~24 0.9q8g6 0.0053630 366.63A7 20.637 331,9 0.04831 B266.0A20 1S22R4.J O.Q4R?l l.OC2C8 0.0068161 464.3401 26.228 4?1.a o.o~7R7 10468.8164 2443~C.6 o.037~3 o.qg?~6 0.0085729 585,3010 32.9R8 530.6 C.03018 13lg5.9S31 307370.2 O.G3Cl6 l.GC074 0.0086311 586.1145 33.212 534.2 c.c298l 13214.2930 309454.2 o.o?9~5 o.9053q 1-' 0 0.0085597 586~3430 32.937 529.A C.03033 13219.4453 306896.7 0.03020 l.C0407 .p. 
APPENDIX:lii 
PURE TOLUENE 
Tu·be diameter 0.10691112 in .. 
GPM P S! FT/SFC RE F f.lE~S OP/4L BV/0 F C~LC DRAG RATIO 
0.3146490 11.1973 11.24~ 14703.0 0.00739 374. 71tl2 1C097.0 0.00699 1.05731 
o.~97212"5 1C.2113 10.621 13~RA,2 0.007"56 341.7412 95~7.4 0.00700 1.06509 
0.241~971 7.G600 R.64R 11308.1 D.007~8 236.2794 7765.6 0.00748 1.05337 
0.0134472 c.Oo46 0. 4A l 628.4 0.02~36 2.16?4 431.5 0.02546 0.91730 
O.Ol77C07 0.(870 0.633 B27.1 G.01Rl6 2.9129 568.0 0.01934 0.93874 
0 .02?.1126 0. 11 oc C,7Ci0 1(33.3 0.01471 3.A~l'3 709.6 O.Ol?4A 0,94967 
O.C?87R~C 0.1451 l. 020 1~45.1 c.Cll44 4,R547 923.7 0.011~9 0.96202 
0.03746~( G.l94l 1. :no 1 7-5 0 • 5 0 • 0 0 q 0 4 6.4975 1202.1 0.00914 0.98938 
0.041Q61C O. 23C 5 1.~71 2C54.2 0.00780 7.7129 1410.7 0.00779 1.00082 
Tube diameter 0.064850St"in. 
GPM PSI FT/SEC RE F MEAS OP/4L PV/n F CALC DRAG R/!.TIO 





Tube diameter 0.0,3268525 in. 
GPM PSI F'T /SEC RE F MEA$ OP/4L RV /I) F CALC f)Rt•G ~ATIO 
0.0026657 0.6645 1.01 Q 4C7.'+ C.C4J58 16.'39~q ?90~.~ C.G1077 t.C~11C 
0.0040157 o. 9297 1. 53 5 613.R 0.02502 23.6405 4~ns.6 r.J26~7 J.qsqso 
0.0057461 1. 3295 2.197 P7A.3 C.Jl747 33.i'07~ 64SZ.8 C.J1P~2 o.g~1)G 
0.0074211 1.74n9 2.837 11?4.1 C.Ol176 4tt.4?CR P~~3.R 0.01411 O.C75h~ 
0.0074211 1.7297 2.E37 1134.1 c.Ol163 41.SA31 8 3 3 3 • 8 G. tJ 11+11 J • 0 fJ!H' q 
0.0090'353 2. 109 4 3.455 13Al.O 0.01121 51.A3~A 10146.6 0.01150 0.~67~R 
o.otl095<i 2. 666 2 4.243 1696. c c. 0091t0 67.7q7q 1246G.7 c.oro4~ 0.90517 
0.0618'-02 73.6941 23. f:37 94413.9 C.G0837 1873.9007 694?3.A C.007P4 l.O~h~7 
0.0713310 95.8550 27.273 1COC2.6 O.COR17 2437.4219 8u1C4.3 O.OG7S5 l.C~?21 
0.0797850 116.5887 30.506 12194.8 0.0079~ 2964.6436 89598.2 G.0C7l4 l.CP1?C 
o.OB74465 138.0191 33.435 13365.8 o.co7a3 350S.57CJB 9P.2C?..G O.OC716 l.CQ1J7 
Tube diameter 0.01030308 in. 
GPM PSI FT /SEC RE F MEAS OP/4l evto F CALC ORJ\G P.\TJO 
0.0077143 169.0957 29~AB4 3740.5 C.Ol079 3812.3589 276585.CJ 0.01019 l.C~944 
0.0098278 271.6033 37.817 4765.1 0.01068 6123.4531 352362.7 0.00949 1.12530 
0.0103562 289.5659 39.850 50?.1.5 c.o1o25 6528.4336 371307.1 0.0093~ l.OQ736 
0.0112544 337.6775 43.306 5457.1 c.otol3 7613.1367 403512.4 0.00913 l.lOO~f 
0.0136321 477.?407 52.456 6610.0 O.C0975 10759.fn80 488761.6 C.CGP65 1.1~815 
0.0129453 441.9854 49.813 6276.CJ c.o1ooz 9964.5164 464133.9 0.00877 1.14204 
0.0006473 5.7451 2.491 313.R C.0?209 l?Q.5?71 23?06.7 0.05CQP 1.0?160 
0.0016644 14.9lflA 6. tt04 807.0 C.02046 336.35~0 5QA74,4 O.Ol9R3 1.23l7A 0.0029589 21.2128 11.386 1434.7 0.01183 614.8Al3 106087.7 O.Jlll5 1.06096 ~ 0.0040659 39.8258 15.645 1971.5 O.OC915_ .. 8~7.8967 145776.0 0.00812 l.l274S 0 0\ 
APfENDIX IV 
0.2% ALUMINUM DIOLEATE 
IN TOLUENE 
Tube diameter 0.10691112 in. 
GPM PSI fT/SEC RE F MEAS OP/4L 
0.0176214 0.0981 0.630 82j.4 0.02066 3.?A42 
0.0268020 0.1481 0.958 1252.4 0.01347 4.0550 
0.0397076 0.2239 1.419 1R55.5 C.CC928 7.4931 
0.1069965 1. 7157 3.824 499g.8 O.C0980 57.4211 
0.1165073 1.9974 4.164 5444.2 c.co962 l-,6.8479 
0.1281316 2.3627 4.579 5987.4 O.OU941 79.0741 
0.1408998 2.8039 5.015 6584.0 0.00923 93.8379 
0.1574566 3.3761 5.627 7357.7 G.GQQ90 112. 9 P91t 
0.1854606 4.4353 6.628 8666.3 O.OC341 148.4381 
0.2176917 5. 9949 7.780 10172.4 O,OOB27 200.6332 
0.2555235 7.9148 9.132 11940.2 0.00792 ?n4.8R6Z 
0.2808857 9.4214 10.038 13125.3 0.00781 315.308'3 
0. 31464 90 11.5962 11.245 14103.0 C.007A6 38~3.0906 
Tube diameter 0.06485081 in. 
GPM PSI FT/SEC RE F MEAS DP/4l 
0.0091145 0.2976 0.885 702.1 0.0?.354 7.3967 
0.0132623 0.4303 1.288 1021.7 0.01(:)08 10.()921+ 
0.0196557 0.6451 1.909 1514.2 c.rJIJ98 16.0364 
0.0259434 0.8716 2.5?0 1998,5 O.COR'51 2l.A'59l 
0. 08630 26 10. 199 5 8.382 664B.1 C,OCCJCO 25).4599 
0.1059397 14.7659 10.289 8161.1 C.00865 366.9365 
0.1228479 19.1515 11.932 <?463.6 G.OOS34 475.9?04 
0.1355289 ?2.7513 13.163 10440.5 0.00814 565.4260 
0.1567512 29.2952 15.224 12C75.3 C.00783 727.9063 
0.1567512 29.8525 15.224 12075.3 C.00798 74l.A452. 
0.17<)5164 37.8016 17.436 13829.1 0.00771 ()1Q.3HZ1 
0.2023687 46.3875 19.655 15589.5 0.00744 115?.7441 
0.2277309 56.9449 22.118 17543.2 O.J07?2 1415.0996 
o. 25732 00 69.6994 24.992 19822.7 0.00692 1732.0527 
RV/0 F CALC f)R.I\G R!\Tlf) 
565.~ 0.01043 l.C63l4 
P60.1 Q.Ol27A 1.05458 
1274.? O.OG862 l.L7fA6 · 
3413.~ O.OC9~6 1.14703 
3738.7 O.OC911 l.tS3lO 
4111.7 C.JC'A89 l.C5R31 
4 5 ? ] • 4 0 • 0 (' A 6 A 1 • t! 6 ~ ~ 1 
505?.7 O.OCR3C l.O~v47 
5951.4 0.00SL3 1.04003 
6985.6 0.00769 1.07501 
8lq9.7 J.OC7~8 1.J743J 
9Cl3.S 0.00720 1.08447 
10097.0 0.00699 1.09498 
8V/D F C.1LC 'lRl\G RATJ!l 
1110.5 0.02279 1.013?1 
1°06.8 C.Ol566 1.02646 
?8?6.0 G.UlC~7 l.J1~73 
3730.0 0.00~01 l.OA29l 
1240q.~ O.OOB61 l.C4244 
15231.6 O.OGA16 l.C595? 
176A2.A O,OG7R4 1,0634~ 
lq4A5.9 O.Ou764 l.v6S5l 
2?537.1 0.007~5 ],0653L 
22537.1 O.J0735 1,08556 1-' 2581C.2 0.00710 l.OR531 0 
29095,3 0.0068Q 1.0R016 "'-~ 
32742.3 0.00669.1.07872 
36996.5 0,00649 l.OA5B4 
0.2% ALUMINUM DIOLEATE 
IN TOLUENE 
Tube diameter 0.03268525 in. 
GPM PSI FT/SEc·· RE F f.4EAS . --· .. _ OP/4( ~ ~M .. F CALC P.V/0 DRAG RATTO 
0.0029061 0.7554 1.111 444.2 c.03881 19.207R 3263.5 0.0360? 1.07737 
0.0048082 1.1924 1.838 734.9 0.02238 30.3214 539Q.6 0.0?177 1.027ql 
0.00726'52 1.8248 2.778 lll0.4 0.01500 46.4GC5 8158.8 C.0l441 l.G4104 
0.007265?. 1.8101 2.778 1110.4 O.Ol4A8 46.0273 ~15A.8 0.01441 1.032~7 
0.0109770 2.7405 4.191 1677.8 o.or·987 69.6 848 12127.2 0.00954 l.C3477 
0.0398053 34.7050 15.219 6084.1 O.OCQ50 882.4B6R 44701.2 o.ouPR5 I.n739A 
0.0482145 48.3067 IR.43'5 7369.3 O.C0902 1228.35Vl '54144.6 O.OORJq l.G74A2 
0.0583858 67.1837 22.324 B924.o o.oOA5'5 1708,3611 65566,9 o.oc7q7 1.0735~ 
0.0694288 ql.l9q4 26.546 10611.8 0.00821 2319.0398 77968.? 0.00761 1.07915 
o.oaoo492 119.6502 30.607 12235.1 c.~oa1c 3042.4912 R9804.9 0.00733 1.10536 
0.0927303 154.9499 35.455 14173.4 0.00782 3940.1016 104135.6 0.00706 lel077H 
Tube diameter O.Ol030JOS in. 
. -
GPM PSI FT/SEC RE F MEAS OP/4l 8V/D F CALC OQAG RATIO 
0.0006393 5.7444 2.460 ~10.0 0.0'5338 129.5105 229?.2.5 0.05161 1.03422 
0.0012'549 11.3285 4.829 '608.5 0.02732 255.4C7Z 44~92.6 0.0263C 1.03911 
0.0020078 20.5074 7.726 <H::\.6 c.Ol932 462.3'516 719qR.l C.Olb43 1.175~6 
0.0020078 18.9503 7.726 Q73.6 O.Ol7R5 427.2456 71QS8.1 O.Oln43 l.C8~~o 
0.0033209 11.6939 12.778 1610.2 C.Ol092 714.5571 ll9C64.6 O.OC9Q4 l.0Q~jb 
0.0013209 3 2 • 3 4C) 2 l 2 • 77 A 1610.2 o.olll't 729.3313 llqoo4.6 t.OC9Q4 1.121?.? 0.0089296 222.4428 34.360 4'32tJ.A 0.01060 50l5.0C)77 3201~7.4 c.vv 0 76 l.Gq612 
0.0093972 242.4090 36.160 4556.5 0.01043 5465.2500 336923.4 O.OC96l l.CR479 
0.0104090 293.4'5q2 40.053 5047.2 c.ot029 6616.2070 373201.4 c.J0933 1.10?46 
0.0114658 354.2102 44.120 5559.6 0.01023 7985.8750 411090.0 0.00908 1.12743 
0.0121527 395.6321 46.763 'i892.6 0.01017 8919.7578 435717.6 O.OC8Q3 1.11955 
..... 
0 ()0 
0.5% ALUMINUM DIOLEATE 
IN TOLUENE 
Tube diameter 0.10691112 in. 
GPM. PSI FT/SEC RE F MEAS OP/4L 
0.013.3680 o.oaoo 0.478 624.7 o.C?926 2.6771 
0.0177007 0.106 7 0,633 827.1 0.0?.226 '3.'5702 
0.024'3054 0.1476 O. R69 1135.R C.Ol614 4.9411 
0.0331821 0.2045 1.186 15'>C.5 0.01214 6.8447 
0.1101668 1.8628 3.937 5147.9 0.011)03 62.3424 
0.1101668 1.8368 3.937 5147.9 0.00989 61.4735 
0.1196776 2.1257 4.277 5'>92.3 0.00<:)70 71.1419 
0.1320944 2.5435 4.721 6112.6 C.OC953 85.1230 
0.1416053 ?.8720 5.061 6617.0 O.OOQ':\6 q6.11f~q Q.15639CJ8 3.4249 5.589 7308.3 0.00915 114.6210 
0.183294? 4.4774 6,fl50 81565.0 0.00871 149.R454 
0.2161065 6.0444 7.7?3 10098.3 O.OOA46 202.2R90 
0.2456957 7.5688 8.780 1148C.9 C.COR20 253.3066 
0.2728279 9.0803 9,750 12748.A 0.00797 303.gt)Q1 
0.2942008 10.1059 10.514 13747.5 0.0077~ 344.90A.4 
o. 3130639 11.6243 11.188 14629.0 0.00775 3R9.0320 
Tube diameter o.0648508IIn. 
GPM PSI FT/SEC RE F MEAS DP/4L 
0.0089824 0.3341 0.872 692.0 o.o212t 8.3036 
0.0131223 0.4()52 1.275 1ClC.9 O.OlR90 12.304A 
0.0174365 0.6563 1.694 1343.2 0.01419 16.3092 
0.0217956 0. 8 2A 1 2.117 1679.0 0.01146 20.57<}6 
0. OR62048 10.4737 A.373 664C.A 0.00926 2(,0.2749 
0.1122803 16.6521 10.905 864().5 O.COR6R 413.8088 
0.1122803 16. 9824' 10. qQJ) 864q.5 O.OOBR? 422.0190 
0.1356874 23.2562 13.17q 1C452.7 G.C9R30 577.924f!. 
0.1356874 23.7154 13.179 10452.7 0.00846 589.33'>7 
0.1588641 30.1155 15.430 12218.1 c.C0784 748.3 796 
0.1588647 30.7133 15.430 12238.1 o.Joqoo 763.2144 
O.l812C)96 38.7137 17.609 13966.4 0.~0774 962.0479 
0.2015392 46.6073 19.575 15525.6 0.00754 115 8. 2 04 8 
0.221654'5 55.6058 21.528 17075.2 O.C0744 13fH.B215 
0.2409403 61.9802 23,401 1P560.8 0.00724 1589.9285 
0.2580597 72.0770 25.064 19879.6 0.00711 1791.1357 
RV/D f CALC n~~r, ~ATIO 
429.0 0.025Al 1.14?15 
568.0 0.01934 l.l5U57 
7AO.O 0.01409 1.15970 
1064.8 0.01012 1.176S7 
3535.2 0.00028 1.0q130 
~53'5.2 O.OCQ2R l.Cn623 
3840,4 O.OJ906 1.07050 
4238,9 0.008Rl 1.08117 
4?44.1 0.00864 l.Gq11R 
501~.8 O,D0R41 l.vAR~6 
5981.8 O.OJRJ5 l.Oq1~6 
6934.R 0.00771 1.0~772 
7AA4.3 r..0')745 l.v99~~ 
8754.9 0.~0725 l.0995B 
9440.R 0.00711 1.09474 
10046.1 0.00700 1.1073A 
8V/D F CALC OHAG RATIO 
l?ql.C) 0.02112 1.17604 
1P96,7 0.01583 1.1q~q4 
?5J7.0 0.01191 1.190~5 
31~1.7 0.00953 1.2C213 
123Q4,2 0.008~4 1.07256 
16143.3 0.00803 1.08057 
16141.3 O.OOP.O~ 1.10?01 
1<}508.6 O.OC764 l.086B6 
19508.6 C.00764 l.lOR1? 
22841.0 C.OC733 l.G693J 
22841.0 0.00733 1.0°112 .... 
26066.6 0.007uB 1.09249 0 \C) 
28976.6 O.OC690 l.J9330 
31868.7 0.00673 1.10443 
34641.5 C.OC6AO l.OQ77° 
37102.9 0.00649 1.0Q666 
O.S% ALUMINUM DIOLEATE 
IN TOLUENE 
Tube diameter 0.03268525 in. 
GPM PSI F TIS EC RE F MEAS OP/4L BV/0 F C.l\ u: n ,{ A r; t< I'. T I U 
0.0030197 c. 807 5 1.1'55 461. '5 C. C3{V·t3 20.1)31t2 33q1.1 c.o3467 1.1c~43 
0.0045018 1.2026 1. 721 6BA.l O.O?S7S 30.5705 5C55.5 0.02325 1.107?3 
0,0045018 l.l5P6 1.721 A8B. 1 C. 'J24Rl 29.4616 5CS5.5 0.023?5 l.C~A76 
0.0062692 l.65Rf. 2.3G( 9')8.2 C.ClB31 42.1761 7C4C.3 0.81A70 t.Jq~A0 
0.0062692 1.6098 2.397 958.2 O.Cl777 'tO. 933 7 7C4C.3 0,01670 L>143t' 
0.0088054 2.2824 3.367 1345.0 0.01277 5R.03n2 CPBH.4 O.OllP9 1.074~4 
0.0397155 16.0118 1'5.1?.5 6070.3 O.CC90l <Jl5.7150 446C0.4 O.OG8H5 l.llR7~ 
0.0509885 '54.2970 lq.495 77cn. 3 o. cogo6 1380.6770 S7259.8 0.0C826 1.0CA6Q 
0.0635374 78.8410 24.293 9711.4 0.00~47 ?004.7~6q 713~2.~ 0.00779 l.G~81? 
o.o73q7zq 103.7045 zs.ze3 11306.4 o.ooqzz 2637.0222 B~C71.2 O.CC74R l.CQQll 
0.0840121 132.0566 32.122 12840.R 0.00812 3357.Q656 94345.1 0.00724 1.1215C 
0.0940512 159.2247 35.960 14375.3 0.00781 4048.8015 105619.1 0.00703 1.1105? 
Tube diameter 0.01030308 in. 
GPM PSI FT/SEC RE F MEAS OP/4L ?:V/D F CALC l)q ~~G !<!IT Fl 
0.0007477 7.1990 2.877 3 6 2 • ?· 0 • c 4 8 g 2 162.3055 26806.1 0.0441~ 1.1Cq3l 
0.0011704 11.0546 4. 5C3 567.'5 C.03065 249.2330 41061.5 0.02Al0 l.GR724 
0.0017172 16.3524 6.A08 R3?.7 0.02106 368.6750 61568.q 0.0192? 1.09611 
0.0017172 11.7516 6.608 832 .. 7 0.01':)1.4 264.9470 61568.8 0.01922 0.7q772 
0.0025362 24.'5051 9. 75 q 1229.8 o. Gl 1t4 7 51)2.4R24 90932.4 O.Ol3Jl 1.11217 
0.0025362 25.0538 9. 759 1229.8 0.01479 564.8528 9C932.4 0.01301 1.13707 
0.0072520 182.8403 27.905 3Sl6.4 C.J1321 41?2.2383 ?6oooa.7 o.o1o3g 1.21~sa 
0.0090749 242.98R2 34.920 4400.3 0.01121 5478.3086 325367.3 O.OC97l 1.15418 
0.0102347 297.8093 39.382 49A2.n o.oto8o 6714.2A52 366949.q 0.0093R 1.15165 
0.0113601 350.4448 43.713 5508.3 0.01031 7900.9805 407301.3 0.00910 1.133l0 




0.75% ALUMINUM DIOLEATE 
IN TOLUENE 
Tube diameter 0.10691112 in. 
GPM P s .r FT/SEC RE F t~EAS DP/4L 
0.0137035 0.3100 0.490 640.3 0.10791 1C.3749 
0.0222711 0.4738 0.796 1040.7 0.06245 15.85 R2 
0.0355783 0.7156 1.271 1662.5 0.03695 23.9488 
0.0534190 1.0221 1.909 2496.2 0.02141 34.2065 
0.0700972 1.3077 2. 505 3275.5 0.01740 41.76'58 
0.0857953 1. 5168 3.066 4009.1 0.01347 '50.7635 
0.0857953 1.5147 3.066 4C09.1 0.01345 50.6931 
0.1682011 2.9684 6.011 7A59.8 O.OC686 99.3442 
0.1858'569 3.4 716 6. 642 8684.8 o.oo·657 116.1837 
0.2110499 4.7418 7.542 9862.0 0.')0696 15R.h947 
0.2430539 5.990'5 R.686 11157.5 O.OOo63 200.4838 
0.2694727 7.0892 9.630 12'592.0 o.coh?R 237.254?. 
0.2932497 8.1697 10.480 13703.1 C.00621 273.4158 
0. 31702 67 9.3774 11.330 14814.1 0.00610 313.~3'54 
0.3163399 9.3030 11.305 14782.0 o.006CB 311.3459 
- -
Tube diameter 0.064S~OR1 in. 
GPM PSI FT/SEC RE F MF.AS nP/4L 
0.0090353 0.9374 O. R7B 696.0 0.07545 23.2936 
0.0133151 1. 3244 1. 293 1025.7 0.04909 32.9105 
0.0199515 1.8463 1.938 1537.0 c.o3048 45.8806 
0.0199'515 1. 850 1 l.Q38 1537.0 0.03054 45.q7A6 
0.0285033 2. 5<)02 2.76R 2195.8 C.0209t) 64.3672 
0.0390128 3.47n2 3.789 ·3005.3 0.01501 86.38'-t6 
0.0523094 4.5299 5.081 4029.7 O.OIOBR 112.5688 
0.0643115 5. 5329 6.246 4954.2 O.OOB79 137.4G32 
0.1369555 15.9805 13.302 10550.4 0.00560 397.1208 0.1534409 18.1407 14.903 11820.3 0.00506 450.8013 0.1534409 18.7130 14.903 11R20.3 O.J05?2 465.0?49 0.1782403 22.1999 17.312 13730.7 0.00459 551.674B 
o. 1782403 22.8785 17.31? 13730.7 0.00473 568.53Al 
0.?.137658 28.8617 20.762 16467.4 0.00415 717.2236 0.2137658 29.5581 20.762 16467.4 0.00425 7?4.5293 0.2499228 37.3705 24.274 19252.8 0.00193 9ZR.66R9 0.2837389 45.5074 27.558 21857.8 0.00371 1130.8740 
RV/D F CALC DRAG RATTO 
439.7 0.02499 4.31R77 
714.7 0.01537 4.06179 
1141.7 O.OC962 3.R3076 
1714.2 G.Oll5~ 2.03059 
2249.4 0.01060 1.64013 
2753.1 0.00908 l.~40Al 
2753.1 0.00998 1.~47°3 
5197.5 0.0C824 0.8319R 
5Q64.l C.OCRC2 O.!:Hfl.76 
6772.~ o.ro776 u.8n7~7 
77q9.5 O.OC747 C.A87~4 
8647.1 O.C072B O.R7718 
9410.1 o.oo112 o.Q7234 
10173.3 o.0069g o.P.73q1 
10151.2 O.J060R O.q7026 
AV/0 F CALC DRAG RI\TIO 
1299.1 0.0220Q 1,2R23C 
1914.4 0.01560 3.146~3 
286R.6 O.OlC4l 2.9?776 
?R6R.6 C.Ol041 z.a11q9 
4098.1 u.01201 1.74456 
5h08.1 C.01G8R 1.378J? 
75?0.9 0.00996 1.09177 
9246.5 0.00938 0.0~7J1 
l96ql.O C.00762 0,734~7 
22061.2 o.ou740 o.6Q4~4 ~ 22061.2 C.OU740 0.70624 ~ 
25626.7 O.OC71~ 0.6453~ ~ 
2'5626.7 C.OC712 0.66'i:lP. 
30734.5 O.OUbRU 0.61J7R 
30734.5 0.00680 0.~2551 
35933.0 0.00654 0.60147 
40795.0 O.OOA34 0.58hl7 
0.75% ALUMINUM DIQLEATE 
IN TOLUENE 
Tube diameter 0.03268525 in. 
GPM PSI FT/SEC RE F MEAS OP/4L f!.V/1 F CALC O~Ar; Q!\TI!l 
0.0029721 1.9479 1.136 454.3 0.09543 49.4041 ~317.7 0.335?? <.7C1S1 
0.0047554 3.0526 1.818 726.8 0.05957 77.6?22 5340.3 0.022C1 2.6b067 
0.0076430 4.7480 2.922 1168.2 O.:J3527 120.7327 85q1.0 0.01370 2.574q7 
0.0103430 6.29'35 3.<;~5 1580.9 0.02553 160.0313 lltt5.I o.J1Gl2 2.5?2J4 
0.0134736 7.9858 5.15 2 7.059.4 0.01909 203.064' 1?110.~ 0.00777 ~.4~6~4 
0.0176346 10.1465 6.743 269'5.4 0.01416 258.00~1 l9P.03.6 C.01126 l.ZS763 
0.0233219 13. 1021 8.919 3565.6 C.Ol)45 333.1626 2AlQ7.1 0.010~1 1.01J~7 
0.0294571 16.4274 11.263 4'502.4 C.OOS2l 417.72(? 33CRC.7 c.CC 06~ J.q51Ah. 
0.0463652 2 5. 8 09 0 17.72 8 7C86.7 C.QC'521 6S6.?.7~1 52rh7.R C.CCR4A 0.~[421 
0.0463652 26.4717 17.728 7C86.7 0.0~534 673.12e4 52C67.8 C.~C848 0.6?9~2 
0.0538945 30.7594 20.606 fl/37. 5 o. 001+'59 782.1590 60~2~.3 c.JoQJ4 c.~~4~3 
0.0644621 38.0793 24.647 9R52.7 c.oc3qs 968.7Q03 723QC,A 0.0077A 0.51'S~ 
0.0757350 49.5637 28.957 11~75.7 0.00375 1260.3171 8~C49.9 C.C0744 J.504?3 
0.0884161 70.0634 33.806 13514.0 0.00389 1781.5872 9929C.9 r.GC714 0.544~2 
0.1022q3q 88.6473 39.112 15635.1 0.00168 2254.1426 114~75.5 0,CQAR~ 0.5~~01 
0.1158468 98.7483 44,294 17706.6 0.00319 2510.9944 1100Q5.4 0.00~67 0.47A40 
O.l34C)133 125.3836 51.5R4 20620.9 C.00299 3188,2820 151506.Q 0.0064~ 0.4A5J? 
0.1507646 154,Q996 57.645 23043.6 0.00296 3941.3652 169307.9 0.00626 0.472~3 
0.1713926 195.3829 65.532 26l9p.5 O.C02A9 4968.2383 192473.0 O.GC607 0.47~70 
Tube diameter 0.01030308 in, 
GPM PSI FT/SEC RE F MEAS DP/4L AV/0 F C.~LC I)D/\G RATill 
0.0128660 206.3811 49.508 6238.5 0.00474 4652,9805 461292.4 O.OOB7Q 0.53~01 0.0137378 231.()647 52.862 6661.2 0.00467 5229.7771 492550.3 O.OUR6l 0.54110 
0.0155185 268.4861 5G.714 7524.6 0.00423 6053.1758 5~63q2.4 O.OOA34 0.507~0 
0.0182502 354.6709 70.226 8849.2 0.00404 7996,2617 654334.2 0,007Q8 0.52A~3 




l.O% ALUl·UNlH4 DIOLEATE IN TOLUENE 
Tube diameter 0.10723406 in. 
OPM PSI FT/SEC RE F MEAS DP/4L BV/0 F CALC ORI\G RATIO 
0.01414-ll 0.2120 0.524 686.8 0.06609 7.2657 46g.~ 0.02310 2.B3704 0.0196292 o.275n 0.697 914.') 0.04847 9.4464 6~4.2 0.01750 ~.77012 0.0241733 0.333~ 0.859 fl26.2 0.03971 11.4419 7~8.7 0.014?.1 2.7?458 0.030645q 0.4166 1.099 427.7 0.03006 l4.27A4 974.6 0.01121 ?..6~1~1 0.0438554 0.5827 l. 558 2C43.1 0.0;>053 19.9706 13q4.6 O.Ou7A3 2.62123 0.0610276 0.8097 2.168 21343.1 0.01473 27.7?36 1940.7 0.011~7 1.33U55 0.0852458 1.1443 3.02A 3971.4 0.01067 19.2205 2710.9 O.OlCOl l.OAA?~ 0.1061323 1.46<)4 3. 791 4972.4 0.00874 50.3636 3394.1 o.ooq37 0.93Z62 0.12593Qq 1.7470 4.473 5P.66.8 0.0()746 J)9.8784 4004.7 0.00894 0.33494 0.1426620 2.0437 5.068 6646.3 0.00680 70.0462 4?36.7 O.OOA-63 0.7HRl2 0.1680242 2.6«>11 5.9t,q 7827.8 0.00616 90.0652 5343.3 G.Ou825 0.770~7 0.1939147 3.3340 6.888 9034.0 O.OC601 114.2702 6166.6 0.007Q4 0.75A70 0.2287876 4.1329 8.127 10658.7 0.00535 141.6544 7275.6 0.00760 0.70412 0.2750207 5.3509 9.769 12812.6 0.00479 1A3.40lq 8745.~ 0.007~4 0.6AlA5 0.3249524 6.7208 11.543 15138.8 0.00431 230.3'551 10333.7 O.OG6q4 0.62135 
Tube diameter 0.06,52S270 in. 
GPM PSI FT/SEC RE F MEAS DP/4L f!.V/CJ F CALC D~ AG RAT I f) 
0.0085069 0.9602 0.815 651.0 0.09013 24.01<~?. 1199.0 0.0245A 3.667~6 
0.0126811 1. 3507 1.215 <HC.4 0.05706 33.7898 1787.3 0.01649 3.46J68 
0.0169081 1.7248 1. 621 1291.9 0.04098 43.1477 23q3.1 0.01?17 3.31412 
0.0254942 2.474cq 2.443 lq5l.O 0.02'5P7 61.912q 3'5°3.2 O.OOB20 3.l54J7 
0.0345216 3. 2398 3.10C) 2641.8 0.01847 81.0460 4~65.5 0.01133 1.6~030 
0.0470256 4.1542 4. 507 3598.7 0.012.76 103.919'5 66?7.9 0.01031 1.2192~ 
0.05970A7 5."i4?l 5.7?3 4569.1 0.0101~ l33.F>37Q ~415.2 o.ouq6c 1.05a~~ 
·0.07185<>4 6.3357 6.f3R7 5499.1 o.oo·n3 l'58.4Q2"i 1017R.O C.CCQll :J.ql'135 
0.0911452 7.96'51 8.736 697 4. 9 0. 00?'>1 1Q9.2530 12B46.1 O.OQP.52 0.7n4S~ 
0.1083174 9.27C6 10.3B2 8?89.C 0.00537 231.<}106 15266.4 0.00813 0.6605? 
0.1228479 10.5118 11.774 9401.0 G.00473 262.9622 17314.4 0.00786 0.60~1~ 
0.1380836 12.0841 13.235 10566.Q 0.00431 302.2 Q4lt 1Q461.7 0.00762 0.565~1 
0.1680242 15.0427 16.104 1285A.l 0.00362 376. 30't0 230.81.6 li.007?4 0.50J?O 
0.1939147 18.2035 1R.586 1483q.4 c.ao12Q 455.37't5 27330.6 0.00698 0.47140 
o. 218220 l 21.3856 20.915 l669Q.4 0.00~05 534.Q785 30756.3 0.0:"':677 J.45.J51 
0.2393552 24.7239 22.941 18316.7 0.00293 61 R.4sqo 13735.1 0.006A2 0.44'~~ 
0.2586938 27.961C 24.794 1Q796.6 0.002~4 69Q.4673 36460.7 0.00649 0.4371~ 
0.2580597 28.1798 24.734 19748.1 0.00287 704.9409 36371.4 0.00650 0.44251 
0.2773984 3l.085B ?6.5B7 2122s.v o.oo274 777.6367 3Q017,0 C.006~R 0.4?qqa 1-' 0.7.908720 34.1466 27.A78 27.25Q.l 0.00274 0'54.2043 409q6.0 0.00631 0.43~56 1-' 
0.3067234 36.0032 29.39$ 23472.1 0.00260 qoo.6487 432~0.1 0.00623 0.4l7~R w 
0.2758133 31.3361 26.435 21106.7 0.00280 783.8982 38873.6 0.00639 0.437S3 
Tube diam. 0.03282515 in. 1.0% ALUMINSM DIOLEATE GPM PSl FT/SEC RE F ME~S OP/4l IN TOLUENE 
0.00352.16 2.3420 1.335 536.0 O.C8370 59.8075 
0.0043063 3.0996 1.632 655.4 0.07409 79.1538 
0.0064356 4.2745 2.440 979.5 0.04575 l09.15R8 
0.0088424 5.7941 3.352 134~.A 0.03285 147.o652 
0.0109110 7.1507 4.136 1660.6 0.02662 1A2.6075 
0.0127339 8.0653 4.827 103B.O 0.02205 205.Q6'l 
0.0141341 8.7845 5.358 2151.1 0.01949 224.3307 
0.0163269 9.9253 6.189 24B4.8 0.016~0 25~.463q 
0.0198670 12.1977 7.531 3023.6 O.Cl37C 311.4041 
o.0232750 14.1653 a.A?3 3542.3 c.oll59 361.7395 
0.0288494 17.9539 10.937 4390.7 0.00956 458.49lS 
0.0359297 22.4345 13.621 546R.3 C.0077C 572.9114 
0.0430100 27.2599 16.305 6?45.8 C.00653 696.1394 
0.0531020 34.1845 20.131 8081.8 0.00537 872.9722 
o.066zsq5 44.2600 25.118 10084.1 o.or447 1130.?710 
0.0774945 55.1105 29.378 11794.2 0.00407 1407.3594 
0,0903526 69.4736 34.252 13751.1 0.00377 1774.1521 
0.1009201 82.5506 38.258 15359.4 0.00359 2108.1303 
0.1093742 96.5641 41.463 16646.1 0.00358 2465.0639 
0.1339438 113.8990 50.777 20385.4 c.oo2at 2908.6458 
0.1458323 130.9140 55.?84 22194.R 0.00273 3343.1599 
0.1637971 155.9220 62.095 24928.9 c.oozsa 39el.7Q10 
0.1865174 194.2791 70.708 28386.8 0.00248 4961.3164 
Tube diam. 0,01037927 in. 
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RV/~ F CALC ORAG RATin 
18900.7 0.06168 ?,097/0 
24645.0 c.o473C 2.0~122 
34095.4 0.0~419 1.96504 
49382.7 0.02361 1.00206 
72267.3 0.01613 1.82560 
104971.0 0.01111 1.7?778 
141662.5 O.OOR23 l.700H? 
lR15q4.7 0.01154 0.96178 
??6808.2 0.01077 O.R33?5 
29C273.7 0.010JU 0.7C61R 
291200.3 o.ooggq o.9R106 
346234.~ 0.0094q O.Q7635 
4632~?.2 o.ooe74 o.73593 
502165.6 0.0085S 0.76456 
~28107.6 O.OOB43 0.7q37? 
713408.4 0.00777 0.5436~ 




DfAM GPM FT/SEC 
2.000 26.06 2.66 
2.000 26.06 2.66 
2.000 26.06 2.66 
2.000 35.29 3.60 
2.000 35.?9 3.6C 
2.000 35.29 3.60 
2.000 45.79 4.68 
z.ooo 45.79 4,68 
2.000 55.71 5.69 
2.000 55.71 5.69 
2.000 65,42 6.68 
2.000 65.42 6.68 
2.000 75.90 7.75 
2.000 75.90 7.75 
DJ~M GPM FT/SEC 
1.000 4.17 1.70 
1.000 4.84 1.98 
1.000 5.83 2.38 
1.000 7.17 2.93 
1.000 8.89 3.63 
1.000 10.93 4.47 
1.000 12.16 4.97 
1.000 14.95 6.11 
1.000 1<>.94 8.14 
1.000 26.06 10.65 
1.000 35.29 14.41 
1.000 45.79 18.71 
1.000 ·55.71 22.76 
1oO% ALUMIMUM DIOLEATE 
IN 'ID LUENE 
AV~~ ~P/4~ 1/ C 0 N/C **2 RE F(MEAS) 
127,9 19.55 65037. O.OGARP') 
127.9 19.45 65037. 0.006848 
127.9 19.34 65037. O. ODh sn l 
173.1 2 8. 96 flP,054. 0.005563 
173.1 ?7.69 88054. 0.005319 
173.1 28.64 88054. 0.005502 
?24.7 41.64 114273. O.CC47~0 
2?4.7 41.85 ll't~73. 0.004774 
273.3 55.80 l3QQ13. 0.0:)4301 
773.3 55.91 139013. O.OC4~CQ 
321.0 68.06 163240. 0.003BO? 
321.0 68,17 163240. 0.001810 
372.4 85.18 18G193. 0.003'537 
372.4 84.65 189393. 0.003515 
8V/D OP/4~ 1/SEC OYN/C **2 RE F ( MEASl 
163.6 R.67 20A03. 0.007457 
190.1 13.16 ?4164. 0.008391 
228.8 l9.GR 29092. 0.008394 
281.5 2 5. 52 3i1793. 0.007419 
348.8 33.98 44351. 0.006413 
4?9.2 45.55 54573. O.C056G6 
it 77.4 46.29 60706. 0.004678 
586.7 60.·72 74593. 0.004064 
782.7 83.70 99513. 0.001148 
1023.0 117.52 l30C73. 0.0025R7 
1385.1 174. 33 176108. 0.002093 
1797.5 249.03 228547. 0.001775 
2186.7 339.00· 278026. 0.001633 




























0.003811 0.4658lq t-' 
0.003671 0.444934 1.11 
DIAM GPM FT/SEC IN 
0.510 4.17 6.55 
0.510 4. 84 7.60 
0.510 S.R3 9.15 
0.510 7.17 11.26 
0.510 8.89 13.96 
0.510 10.93 17.17 
0.510 14.95 23.47 
0.510 19.94 31.31 
1.0% ALUMINUM DIOLEATE 
IN TOLUENE 
8V/D OP/4L 1/SEC DYN/CM**2 RE F { 1'-'.EAS) 
1234.6 71.80 4(• 752. 0.00417'1 
14~4.1 83.06 473?.,6. O.C015R4 
1726.5 103.33 56987. G.OG3J76 
2124.2 131.10 7Cll4. O.OC2578 
2632.1 169.43 86879. 0.00~170 
3238.8 220.03 106902. O.OOldf11 
4426.9 310.93 146120. 0.001408 
5905.9 445.73 194935. O.OOll34 












l.O% ALUMINUM PALMITATE 
IN TOLUENE 
Tube diameter 0.10691112 in. 
GPM PSI FT/SEC RE F ~EAS OP/4l RV/D F CALC I)!{Af, Rt\TIO 
0.0035216 1.6196 1.346 538.3 0.05666 41.1A46 3054.R 0.02973 1.90627 
0.0068451 3.0658 2.617 1046.2 0.02839. 77.9575 7687.0 O.Ol52q 1.n5~3o 
0.0122584 5.405 2 4.687 1873.6 0.01561 137.4434 137A6.1 O.OCB54 1. 0 ?761 
0.0202369 A.8452 7.738 3093.1 0.00937 224. quw ?.27?.5.9 0.01079 u.R6R61 
0.0327594 25.5067 12 .. 525 '5007.1 0.01031 648.'>896 367RA.7 0.00935 1.10260 
0.0482145 47.9066 18.435 7369.3 0.00<394 1218..1797 54144.6 0.00839 1.06572 
0.0700101 84.6254 26.768 10700.7 0.00749 2151.8740 1~620.9 0.00759 C.?B6g6 
0.1010258 153.1826 38.627 15441.3 0.00651 3895.1624 11~451.5 C.OC69l 0.942)4 
0.1273391 224.1969 48.688 19463.2 0.00600 57C0.925A 143001.1 0.0065? 0.02022 
Tube diameter 0.06485081 in. 
GPM PSI FT/SEC RE F MF.AS OP/4L EV/n F CALC fJR/\G RATIO 
0.0008111 11.9596 3.121 391.3 C.C69C5 269.636'> 2907q.4 C.040n8 l.A073? 
0.0018440 26.6055 7.096 894.1 0.02972 '599.8372 66115.4 0.01789 1.6AJ74 
0.0018440 27.3676 7. C.96 sq4.I o.o1057 ol7.0l90 66115.4 0.01780 1.7C83l 
0.0043142 66.7?ACl 16.6Gl 2091.9 0.0.1162 1504.6655 154679.4 O.OG765 1.18065 
0.0062349 105.8166 23.991 ~021.2 0.01034 2385.nq6a 223542.0 c.o1c~6 o.951~4 
0.0077275 142.7738 29.735 3 746.9 o. 00908 3218.9177 277C5q.5 C.Ol018 o.qgl9? 
0.0092730 203.6346 35.682 4496.3 0.00899 4591.0586 332471.? 0.00965 0.032?2 
0.0114394 288.2690 44.01R 5546.8 O.OOB37 6499.1953 410142.8 O.OC9C8 0.92llR 
0.0137273 383.9922 52.822 6656.1 0.00774 8657.3281 492171.6 0.00863 O.B960? 
0.0137114 387.0337 52.761 6648.4 0.00782. 8725.Rg84 491603.1 O.OC863 o.oo?8? 




l.O % ADUMINUM PALMITATE 
IN TOLUENE 
Tube diameter 0.03268525 in, 
GPM PSI FT/SEC RE F MF fl.S DP/41. 
O.Ol78R56 0.2164 0.639 fl35.8 C.C44'?3 7.24'35 
0.0311743 0.372Q 1.114 1456.7 O.Q25C8 1 2.4BC6 
0.0533662 0.6373 l.'lC7 2493.7 O.Ol4A3 21.3290 
0.0863RQH 1.0630 '3.CA7 40'36.9 o.OC 0 3l 1S.r;757 
0.1347364 3.040B 4.815 t-2CJ6.0 C.Jloos 101.7668 
O.l5604R5 3,9040 5.577 7 2 <fl • 9 0 • G 1 0 1t 8 110.()'573 
O.l830B29 5.1319 6. 543 B555.2 0.01001 171.7405 
0.2245606 7. 03RQ 8.025 lC4Q3.3 O.CC012 23'5.5730 
0.2694727 9.7022 9.630 12592.0 0.00873 324.7063 
0.3170267 12.6800 11.330 14814.1 O.OC325 424.3621 
Tube diameter O.Ol03030S in. 
GPM PSI FT/SfC Rf F MEl\S DP/4l 
0.0088107 0.5898 0.856 678.7 0.0Lt993 14.6575 
0.0132966 0.8776 1.291 1C24.3 0.03262 2l.RC8'5 
0.0242261 1.5631 2.353 1866.3 o.Gl75o 38.'l4?'5 
0.0417419 2. 7794 4.054 3215.6 c.o1a4e 69.0696 
0.0760864 9. 446 8 7.390 5R61.3 0.01072 ?34.7'>6~ 
0.1162411 1 q. 2 361 11. 2 90 8954.8 o.coq35 47~.0?27 
O.l43CJ301 26.9125 13.979 I1CB7.7 o.ocq54 668.7944 
0.1439301 27.4796 13.979 11087.7 ·a.oo87? 682.8782 
0.1656464 ~3.9836 16.088 12760.6 0.00~14 A44.5037 
0.190612.3 42.4597 18.513 14683.8 0.00768 1055.136'5 
0.2245606 54.4294 21.810 17299.0 0.00709 1352.586q 
0.2632458 70.3177 25.568 20279.1 0.00667 1747.4172 
RV/'1 F C:AU.: C'l1 ~r; R t1 T Hl 
571.0 C.Jl014 2.11:2c 
10u0.4 J.OlCGP 2.2~373 
171~.5 C.Jll~3 l,25~~1 
2112.2 0.CGQ 0 6 0.~1~qq 
4323.6 0.00676 1.?4Q2° 
50~7.~ C.00°4l 1.24~4~ 
5P7S.l 0.0C8C6 1.~42?5 
72~6.1 C.0G7~3 1.19~94 
B647.3 O.OG7?R l.~J(5C 
10173.3 C-0C69~ l.ldl6R 
RV f!J F [1'\LC f) ;{ ll G R f, T T n 
12~6.8 0.0?357 2.11R~3 
1911.7 O.JlS62 2.09~1~ 
34q3.1 C.00857 2.0411J 
ACU1.5 O.OlGA6 0.9831~ 
1cq39.4 c.oceq4 1.19Gl4 
16713.v o.oo7q6 1.17S~l 
20h93.7 0.0075? 1.13525 
20hq3.7 0.00752 1.15917 
23Bl6.0 O.CU725 1.12253 
27405.5 0.00699 l,Qq7AO ....-
32?86.5 0.00671 1.056~q ....-
37848.5 0.00645 1.03)1R co 
0.3% ALUMINUM DIOLEATE 
IN HINERAL OIL 
Tube diameter 0.10691112 in, 
GPM PSI FT /SEC RE F MEI\S OP/4l PV/D F Ci\LC i):{f'_r; D.\Tff1 
0.0443837 1.9626 1.586 264.7 o.C64CJq 65.6P3B 14,4.~ C.1604~ 1.07S~l 0.0879749 3,8545 3.144 524.7 O.C3248 128.Qq76 2 R ? ~ • 1 G • C: ~.J.. ,; 4 q 1 • r: 1- ~ l 1 0.1369555 6.C413 4.894 Al6.8 C.G?lOl 2C2.U~'5n 43°4.8 C.Ol95° l.C7?~ 0 0.1787238 7.7847 6.387 1066.0 O.Jl589 260.5325 5 7"3 5 • 2 l} • •J l ~ ': l l.~''5~·Jl 0.2731714 12.0892 9.762 1620.3 0.01057 404.5'111 R766.u O.COGR? 1.:7~~7 0.3037116 13.3722 10.8'14 1811.4 o.ooq45 447.530') 9746.0 0.00°A3 1.07flO 0.3183477 14.0041 11.377 18CJ8.7 O.OOGQl 46R.6777 1C215.7 0.CCR4~ l.C~S4~ 
Tube diameter 0.06485081 
GPM PSI FT/SEC RF F MEAS DP/4L RV /1) F CALC or~.~G '< .'\ T I 'l 
0.0216635 5.5964 2.104 213.0 C.C781R 139.0730 3114.7 0.07511 l.G40~1 
0.0521773 13.3353 5. C6 8 513.0 0.03211 331.3860 7501.9 C.0311Q l.~zq7C 
0.1196776 3C.9183 11.624 1176.7 C.Ol415 768.3291 17?J~.8 0.01360 L.G4QR6 
0.1196776 31.4992 11.624 1176.7 0.01442 782.7646 l7?06.R C.Ol360 l.06S41 
0.2340714 107.5794 22.7~4 2301.5 o.o12q7 2671.".!.B06 336~3.9 C.CllA~ 1.GA814 
0.2834219 128.9926 27.527 2786.8 0.01053 32C5.506l 40749.4 0.01114 0.94499 
0.3043457 149.5431 29.560 2'792.5 0.01058 3716.1941 43757.7 o.olu9o o.q7119 
Tube diameter 0.03268525 in. 
GPM PSI F TIS EC RE F MEAS OP/4L fl VI 1) F CALC '~RAG Rt\TI:l 
0.0200519 40.36CQ 7.667 ?91.2 0.04345 1C26.2R17 zz~lR.? c.o4cgc 1.0~737 
0.0320038 63.1151 12.237 6?4.4 O.C2667 l6C4.90.38 35°40.2 G.J2563 l.C4Jql 
0.0558760 109.2544 21.364 1090.1 0.01515 277R.l'•55 62748.4 O.Jl45S l.C32G4 
0.0937871 186.0129 35.859 1R29.7 0.0091'5 4729.9766 10532?.4 O.CG874 l.C4695 
O.ll22R03 226.5406 42.Q10 21<;0.5 O.C0778 5760.5234 l26C 0 0.( O,Ol2C2 0.6472S 
0.1276745 301.3901 48.816 2490.8 o.coaoo 7663.8203 143377.9 0.01154 0.6q1A7 I--' I--' 0.1379066 423.4543 52.728 2690.4 O.OC964 10767.6951 1548~8.4 C.01126 0.R5575 1.0 
0.1539350 573.7642 58.857 3003.1 0.01048 145A9,B047 172868.2 O.OlCB9 0.q6z7c 
APPENDIX V 
1. O% ALUMINUM DIOLEATE IN TOLUENE 
01 ~~b0b~o O~S977 3~47 nbAM P8MR s;~g16c .?00 VELOCITY F FPV F /FPV VEL/DlAM**P REYN 1 
2.660000 o. 0 06848 O.OC62fl9 1. OBR..qqa "3.806375 16820.1 
3.599999 0.005502 0.005781 0.951~01 ~.151487 2J479.B 
4.679999 0.004760 0.005389 0.883336 6.696914 31354.0 
5.690000 0.004305 0.005120 O.A4C814 A.l47213 3A8q0.2 
6.679999 0.003R07 0.004912 0.775001 9.'>58871 4h412.1 
7.750000 0.003525 0.004732 0.744950 11.090010 54611.0 
01 ~~bbb~o . N' K' ObA~ oewR OE~~~6X 0."8977 t1>~7 • 00 0 o. - u VELOCITY F F /F 0 V VEL/DIAM**P REY"-1 1 
1. 700000 0.007457 0.008532 0.873~3<) 2.794377 '>511.5 
1.980000 0.008391 C.OGR128 1.032402 3. 254n? 1 A:,zJ.Z 
2. 379999 0.008394 0.007676 l.OCJ31t5l 3.912127 7<J~6."3 
2.9299<")9 0.007419 0.007205 . 1.02<)690 4.Al6192 l)C43.2 
3.629999 0.006432 0.006764 0.951010 5.966~18 lZ7tB.~ 
4.4699q9 0.005696 0.006371 O. R94l)3q 7. 34 7569 15098.5 
4.9699q9 0.004678 0.006183 0.756'174 8.169446 179112.0 
6.110000 0.004063 0.005837 0. 6 96114 1 0 • C" 3 3 2 It 2?. 57 g. 6 
8.1399G9 0.00"3148 0.005404 0.58?.415 13.3R0119 3097n. o 
10.650000 0.002587 0.005038 0.513393 17.505951 411157.~ 
14.410000 0.0020'13 0.004668 0.448~29 23.6~6462 5-91~5.1 
18.709991 0.001775 0.004379 0,405480 30. 75't578 77526.3 
22.759995 0.001633. 0.004178 0.390A76 37.411774 91>217.2 
OI4M~TbR N• K' DbJ\M POWR SF.NSTTY o. 1 00 0.8977 3f·p\7 .20000 .8A3JO VELOCITY F F /FPV VEL /0 I h M*::.~cp RF:Y~J 1 
6.549999 0.004179 0.006682 0.625465 12.'318657 13119.0 
7.599999 0.003583 0.0064C3 0.559691 14.2q3405 15691.0 
9.150000 0.003076 0.006076 0.5C6219 17.2GA496 19253.2 
11.259999 0.002578 0.005739 0.449234 21.176A04 24201.3 
13.959999 0.002170 0.005417 0.4005'>3 26.25471~ 3Gn7l.5 
17.169998 0.001861 0.005131 0.367.725 32.291809 3~511.4 ,_. ,., 
23.469986 0.001409 0.004739 0.297086 44.140259 543AJ.5 0 
31.309998 0.001134 0.004414 o·. 2 56q76 58.885056 74716.7 
1.0% ALUMINUM DIOLEATE I~ TOLUENE 
DIAMj6;R N' K' DIAM POWR OENSITY o. 23 o.s977 3.47 0.20000 0.863GC 
vt;~1!66o o.cb7464 FP¥ 0.01 411 F~FPV VELI£lAM**P 0.6 40B~ .491286 r{FYIIJ' 21S7.4 
5.068000 0.006A04 0.010910 o. 623 n44 13.019862 ~It 75 • R 
5.969000 0.006363 0.010299 0.617815 I 15.314'561 2965.1 
6.888000 0.006008 0.009803 0.612qqg 17. 6954'?6 Vt 72.2 
8.127000 0.005350 0.009273 o.57nq44 2C.q70'>25 4166.6 
9.768999 0.004794 O.OOR727 0.54932t.i 25.096~7'3 5103.() 
11.542999 0.004313 0.008271 0.521430 29.654343 6134.3 
DIAMgT~R O~S977 K' DbAM PSWR BEN~ tTY o. 6 28 ti>~7 .200 0 .s 300 VELOCITY F F /FPV V E l/ !1 I ~ ~~ * ~~ P REYN' 
8.735999 0.006513 O.Cl03R3 0.627?.56 24.784973 2R90.0 
10.382000 0.005367 0.009782 o.548n60 29.454R65 349 5. 7 
11.773999 0.004732 ·o.009377 0.504635 33.404114 401'5.7 
13.2350 00 o.0043C5 0.009020 0.4 7725~ 37.549131 1t':56q.4 
16.103Q89 0.003619 0.008462 C.4276G7 45.68 87l)6 '5A71.3 
18.585999 0.003288 0.008085 0.4G6f>A3 52.7304Qq 6642.1 
20.9l49G3 0.003051 0.007794 0.191459 59.33Rl04 75')5.3 
22.940994 0.002932 0.007575 0.3R7ll79 65.0?6Qq0 A"Hf).Q 
24.793991 0.002A38 0.007397 O. 3R36Ml 7C.34324n 9125.~ 
24.733994 0.002874 0.007402 0.3?8248 70.173G35 9101.5 
26.586990 0.002744 0.007242 0.37R891 75.430176 0 855.9 
27.877991 0.002742 0.007140 0.384057 79.0Q2P. 0 6 1 01.~4. 7 
..... 29.397995 0.0026CO 0.007029 0.36G903 83.40'5304 11010.6 N 26.434998 0.002798 0.007255 0.38567() 74.99BCl62 97rr~. A ..... 
1.0% ALUMINUM DIOLEATE IN TOLUENE 
OIAMb~~R N' K' DbAM P01iR ~~~g!;~6 o. 82 0.8977 3. f(j .20JOO VELOCITY F f-P F /FPV VEL/DIAM**P REV~'! • 
13.620999 0.007703 O.OlCA15 0.712241 4'+.340R5l 2541.7 
16.3049 93 0.00653~ 0.010156 0. 643181 '51.07Rl40 311Jl.'5 
20.130997 0.005374 0.009451 0.568595 65.5~~C51 3912.!1 
25.117996 0.004469 0.008785 0.5013712 .. Rl.767105 4 9') 1. ~ 
29.377991 0.004068 C.OOR351 o.4fl714o q 5. 6"-'5(•8 6 'l9i:J.2 
34.251999 0.003772 0.007956 0.474l2Q 11 1 • , ·J 16 ;J 2 70? 0 .4 
38.257996 0.00359.~ C.007689 0.46731'5 124.54~450 7r'J·+C.CJ 
41.462997 0.003578 C.OC75Cl 0.47700<) 134. 97'i7R4. ~677.2 
50.776993 0.002Rl4 0.0070?7 0.::!98760 165.29592Q 10849.0 
55.283997 0.002729 0.006882 0.396544 179.967712 11915.1 
62.0949Fl6 0.002576 0.006653 C.3R72C1 202.139740 135ft 1. 1 
70.707993 0.002475 O.C064C9 0.3A6157 2~0.177933 15627.9 
OlAMbTbR 0.~977 K' DIAM POWR DENSITY o. 1 38 ~·47 O.?OOGO 0.863(;0 VELOCITY F PV F/FDV VEL/l)lA.t'1**P 1:\EVt-.J' 31.483994 0.009Bl9 0 .o 11208 0.876J45 l~9.C31204 ?27P..1 






Normal Stres:'3 Data 





















0.01 in. diam. thrust tube 
8V/D (P11-P22) 

















c.c36 ('. ryn6 



















































:· 34 { 
134 
52.0 234 













































J... { j ) 
1.782 






















































































113 5 filter I 90 C/ (~ -7:) 
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Aluffiinum diole~te in toluene 36-48 hours old 
Initial concentration (measured) -- 1.045 per cent 
Calculated Concentration 
per cent 




























Final concentration (measured) -- 0.0436 per cent 
































Final concentration (oeasured) -- 0.0322 per cent 






*ca~culated from average value of Viscometer flow time. 
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Vise. flow tii:J.e 
seconds 





































3 .. 48 
2. 48 
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Aluminum dioleate in tolu~ne 12 days old 
Initial concentration (measured) -- 1.053 per cent 
Calculated Concentration 
per cent 




















Final concentration (measured) --0.0396 per cent 





















Final concentration (measured) -- 0.0583 per cent 








0 .. 0880 
Vise • .flow time 
seconds 
402.6 














~r7ed. dl gm 
2.92 
2.19 
*Calculated from average value of viscometer flow time. 
0.0464 
0.0464 
Final concentration (measured) -- 0.0462 per cent 






























Aluminuffi dioleate in toluene, 13 days old, mech. degraded 























Final concentration (measured) -- 0.0331 per cent 























Final concentration (measured) -- 0.0568 per cent 













~/red. dl gm 
2. 6 5i!-
*c~leulated from average value of viscometer flow time. 
0.0840 
0.0840 










Initial concentration (measured) -- 0.212 per cent 
Calculated Concentration 
per cent 

































ave. = 170.4 





viscosity of toluene-- 0.546 cp. 


















Function of dimensionless time ratio T in equation 19 
Concentration 
Tube diameter 
Fanning friction factor 
Friction factor for purely viscous materials in tur-
bulent flow, defined by Eq. 13. 
Modulus of elasticity 
32~3 ~/3NA4 (dn/dc)2 
Intensity of light scattered 
Consistency index in Eq. 2 
Consistency index in Eq. 8 
Displacement 
Shear strain 
Length of tube 
Flow behavior index in Eq. 2 
Index of refraction of the solution 
Flow behavior index in Eq. 8 
Index of refraction of the solvent 
Avogadro's number 
Reynolds number 
Generalized Reynolds number 
Pressure drop 



















Distance from center line of tube 







Distance from tube wall 
* y up/~ 
y+ defined by intersection of linear and logerithmic 
velocity profiles 
y/R 















Shear stress at the wall 
First mode relaxation time, Zimm theory 
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